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(Approved by William G. Myers)
The use of the isotope, ^gAu-^^®, as a linear gamma
radiation source for cancer therapy has been investi-
gated. A method of preparation of seeds suitable for
interstitial implantation is described. Pile-irradia-
ted gold wire was encased in non-radioactive gold
tubing, so that the 0.970 Mev. gold-198 beta particles
are absorbed and the 0.411 Mev. gold-198 gamma rays
are the therapeutic agent. The isotope has a half-
life of 2.7 days.
A dosage calculator diagram has been prepared
for gold-198 seeds.
An original method is presented for estimating
the effect of reabsorption of Compton scattered
radiation on volume dosage in the vicinity of a
gamma source.
Preliminary experiments have been perfoi*med to
evaluate the cancerocidal dosage of gold-198 gamma
radiation for various mouse tumors for a nine-day




Lymphosarcoma Below 800 £ 200 r,
Sarcoma-37 2600 £ 520 r.
Adenocardnoma-C3HBA 3600 £ 720 r.
Mammary Gland Carcinoma- 4200 £ 800 r.
15091a
A discussion is presented of physical and
therapeutic factors involved in interstitial radia-
tion therapy, and the advantages and disadvantages
of gold-198 as compared to radium, radon, and cobalt-
60 are ^resented. Because of the larger tissue mass
absorption coefficient for the gamma rays of gold-
198 than for the other isotopes, and because of a
larger amount of Compton scattering of gold-198
gamma radiation, gold-198 has a therapeutic ratio
more tiian 13.7^ greater than that of radium and radon
and more than 14.7^ greater than that of cobalt-60.
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The author is a student in the United States Navy
three-year postgraduate course, "Radiological Defense
Engineering." A portion of the fimds required in
connection v/ith this research was supplied by the
United States Navy.
Throughout this paper, the symbols, "Au-198" or
"gold-198" shall be used for the isotope, r^gAu .
A similiar convention shall be employed for other
isotopes. The symbol, "mrhra" , shall be used for
"milliroentgens per hour at one meter". The aborevia-
tion, "Mev.", for "million electron volts" used by
many authors will be used.
In searching the literature I used the following
procedure: Chemical Abstracts was covered under
"gold", "gamma rays", and "nuclear phenomenon" from
1930 through 1950. All issues of Nuclear Science
Abstracts to March, 1951, were searched under "gold"
and "radiation effects". Section XIV of E^cerpta
Medica was covered fro.n 1946 through February, 1951.
Pertinent articles found in these reviews were
referred to as originally published.
In addition, each issue of the following publica-
tions was scanned from the January, 1949, issue to
at least February, 1951: The American Journal of
- 1 -

Ro ent .-~eno logy and Radium Therapy , Journal of Labora-
tory and Clinical Medicine , Cancer , Cancer Research
,
Radiolo£;y , British Journal of Radiology , Journal of
Laboratory and Clinical Investiggtion , Cancer Current
Literature
, Nucleonics , Journal of Applied Physics ,
Jp-urnal of Chej^ical Physics , Reviews of Mpdern
Physics , and Physical Review .
I aiTi indebted to many in the preparation of thi^
paper. Lt. William G. Fyers, my research advisor,
suggested the idea for the research and gave con-
tinuous aid throughout. Goner. A. B. Chilton, U.S.K.,
aided rae materially in discussions of physical and
biological factors involved in various problems.
Mr. A. D. Irihoff, Mr. J. A. Muhlenpoh, and Mr. R. D.
Thomas tsi.ight me various laboratory techniques used
with exi)erimental animals and made many valuable
suggestions during the course of my worV. Lr. J. L.
Morton of the Department of Radiology, Lr. J. 0. Lord
of the Lepartment of Metallurgy, Lr. A. Towbin of
the Lepartment of Pathology, and Lr. W. H. Shaffer
of the Lepartment of Physics, all of the Ohio State
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PREPARATION OP SEEDS OF RADIOACTIVE GOLD-198 AND
THEIR USE IN CANCER THERAPY
I. INTRODUCTION
In the continuing stru;!;gle against cancer, it be-
hooves the Y/orker to utilize such possible tools as
scientific advance may uncover. The purpose of this
research was to investigate the feasibility of using
gold-198 as a linear gaimna source in cancer therapy.
The use of gold-198 in cancer therapy is not new,
Hahn and his associates -''^»'^''^*^(1947) ^( 1948) '^'^(1950)
first used the isotope in therapy, and later workers
include Sherman, Nolan, and Allen" (1950) and Clark
and LeRoy (1950). However, these v;orkers concentrated
their attentions on use of radiogold in colloidal
suspensions; and the beta radiation fi'om the gold was
the primary therapeutic agent. This study, on the
other hand, is concerned with the use of radioactive
gold v;ire encased in a suitable non-radioactive gold
tubing used as a seed or needle implant or in an
applicator mould. In such usage, the gararna radiation
from the gold becomes the primary therapeutic agent,
and the beta radiation is shielded out. The gold-198
would be used simile arly to the racium, radon, and
cobalt sources used at ];resent.
This research problem was undertaVen at the
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suggestion of my academic advisor at The Ohio State
University, Professor William G, Myers, The idea of
using gold-198 as c escribed hac occurred to him in
1946, but other matters prevented his investigation
of the subject. My research was started in July, 1950.
I have found no reference in the literature to
such usage having been attempted. Cohen°^(1950 ) has
mentioned the possibility of gold-198 being used in
lieu of other gamma sources.
II. PROPERTIES OF GOLD-198
Gold-198 is an artificially produced radioisotope
of atomic mass 198 and atomic number 79. It is pro-
duced in relatively large quantities by neutron cap-
ture by gold-197, and may be produced in this manner
by cyclotron bombardment of gold-197 with slow neutrons
or by irradiation in the neutron flux of an atomic
37pile. Adair (1950) graphs the neutron cross-section
for production of gold-198 as being about 100 barns
from neutron energies of 0.01 Ev. to about 5.0 Ev.
with a resonance pea]^ of about 4000 barns at about 7.0
ev. At higher energies, the author graphs a variation
from about 1.8 barns at about 0.02 Mev. to about 0.05
baj?ns at about 2.0 Mev. Pile irradiation seems more
practical for quantity production. Gold-198 may also




Existence of the radioisotope, Au-198, was
first reported by Araaldi et _£l"- in 1934.
Elemental gold has a cubical crystal fon.i, is
a ductile yellov/ metal, han a specific gravity as a
metal of 19.3, melts at 1063°G., and bolls at 2600°
C, It i s insoluble In v/ater and acid; it is soluble
in FCN, aqua re^ip, and in hot K2Se04. Following in
Table I is a summary of its metallur^^ical properties.
TABLE I
METALLURGICAL PROi'ERTIES OP GOLL'^^ (1948)
Tensile Elongation Bhu Mod. of Elas-
Strenf'th in 2" {%) tlclty (psi)
99.99/^ Au
Cast IF,, 000 30 33 10,800,000
Vi/rou.-ht, 19,000 40 25 11,600,000
Anr.ealea
RAIIOAGTI'/E DECAY SCHEF.E OP AU-198
The radioactive decay scheme of golQ-198 has
been the topic of numerous articles in the literature
and at this writing the composition of a small portion
of Its energy spectrum is still in doubt. In general,
the isotope decays by beta emission to an excited
state of m.ercury-198 followed by gamma radiation to
the ground state of mercury-198. By 1946 the gamma
spectrum from Au-198 decay was generally reported to
be composed of lines of about 0.41 and 0.25 Mev. with
a consequent complex beta spectrum. Siegbahn-'-^ (1947)
- 9 -

found the 0.25 Mev. line not to exist and published a
curve of the beta spectrur.i v/ith a maximum at 0.970 Mev.
Corlr-^^ (1947) re; orted a single 0.408 Mev. gamma fol-
lowing beta emission.
In 1948, hov;ever. Levy and Greuling"''^ reported
three gamma lines: 0.409, 0,157, and 0.208 Mev.; ana
they predicted a complex beta spectrum with maxima at
0.970 and 0.605 Mev. LuL!ond^*'^ (1940) confirmed Levy
and Greullng's findings and placed the softer compo-
nent at 22)% of the total activity. Saxon and Heller^^
(1948) concluded that the 0.157 and 0.208 Mev, gamma
lines are associated with an impurity in gold activated
during irradiation. LoiMond-'-' (1948) reported that
the principal gamma line is of 0.4114 £ 0.0001 Mev.
and again confirmed the existence of the 0.208 and
0.157 Mev. lines. Peacock and WilVinson^^ (1948)
reported only a single gamma of 0.411 Mev. and found
a simple beta spectrum; but Renard (1948) reported
an average gamma energy of 0.55 Mev. Jurney^*-* (1948)
found no gamma-gamma correlation in Au-198 decay, and
on the basis of beta-gamma correlation found the dec?ay
scheme to be simple. Siegbahn and Hedgrau^-'- (1949)
estimated that the 0.157 and 0.208 Mev. lines have
an u;per intensity of 2% of that of the 0.411 Mev.
lines. Saxon and Heller'^'^ (1949) set an upper limit
on the weaker gammas of A% and again reported them due
- 10 -

to impurities at irradiation. Levy and Greuling^^ (1949)
again reported energies of 0,408
^^
0.004, 0.157 £^
0.002, and 0.208 £ 0.002 Mev., the latter weaker
04lines. Cavanagh £t al (1949) reported evidence of
two much less intense lines at 0.67 and 1.09 Mev.
The mystery of the lines at 0.158 and 0.208 Mev.
seens to have been clarified in 1950 when Hill and
Mihelich^S and Hill^^ reported these lines to be due
to the decay of Au-199 formed by successive neutron
capture by Au-197. They reported that Au-198 has a
4
slow neutron capture cross- section of 1.6 x 10 barns
and stated that the Au-199 so formed has a half-life
of 5.3 days and gamma lines at 0.050 £ 0.001, 0.1585
£ 0.0005, and 0.2085 £ COG 03 Mev. This agreed with
earlier findings of Beach, Peacock, and VVilkinson^2
(1949), Mandeville, Tjcherb, and Krelghton^"^ (1948),
and Meem and Maienschein'^'^ (1949) who studied Au-199
formed by beta decay from platinuia-199 and found a
simple beta spectrum v/ith a maxinura at about 0.32
05
Mev. Hill" further reports that for gold prepared
at Argonne that the ratio of number of gold-198 to
gold-199 atoms is about 95/l, and that the ratio of
0,411 gamma intensity to 0.159 gamma intensity is
750/1.
Pringle and Standll^'^ (1950) found using a Nal-
Tl crystal and photomultipller tube the following
- 11 -















Mitchell'^^ (1950) siommarizcs available data
with decay schemes as shown in Figure 1.
FIGURE 1
PECAY SCfTEMES OP AU-198 AND AU-199







A ;t.ortiDn of the gamma energy of gold- 198 is
converted into electron energies by internal con-
version; that is, instead of v gamma photon
emerging from an atom, the nucleus of which has
decayed, a tt-
, L- , or M- shell electron is emitted
from the atom with an energy equal to the energy of
the gamma photon less the binding energy of ^the
electron. The process may be thought of as a
gamma photon "Vnocl^ing out" an orbital electron,
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althou;"h this may not be the proper theoretical ex-
planation. Jnanananda^ (194G) confirmed earlier
findings by Richardson of conversion electrons and
reported an energy of 0.05S4 Mev. corresponding to
electrons ejected from the L-group of gold. He
reported the existence of v/ea^er conversion elec-
trons. Wledenbeck and Chu^^ (1947) reported the
conversion coefficient, ^ , to be G.0470 £ 0.0024.
Levy and Greuling-^ (1948) reported conversion lines
as shown in Table II.
TABLE II
CONTEiiSlON ELEGTROKS OF NEUTRON- IRRALIATEL GOLD^^
G-amma Observed Intensity Ene
-rpiy ( Mev .
)
Source'"'
Au-199 K Medium .074
Au-199 Lli ^11 Weak .144
All- 199 LljlI Very Weak .146
Au-199 M Paint .155
Au-199 K V/eak .125
Au-199 L Very Faint' .195
Au-198 TT Very Strong • 326
Au-198 L Strong .395
Au-198 M Strong .407
V,—This column added to Levy and Greuling's
VP.lueG to show apparent gamma source.
Peacock and Wilkinson-*- (1948) reported the
0.411 gamma to be converted with <^^ = 0.25. Sieg-
bahn and Hedgrau'^-'- (1949) reported the Internal
conversion coefficients of the F- , L- , and M-lines
of the 0.411 Mev. radiation to be: of^ = 2)%, 0;,= 1.0^,
- 13 -

a = 0,3%, Shavtvalov'^^ (1949) retorted the internal
conversion coefficient for the gainna line of 0.415
Mev. to be 0.7^. But Dzhelepov et al^^ (1950)
reported the conversion coefficients to be c(^ = 2.6^,
a, = 1.2^, a = 0,3%, Saxon anc Heller^'^ (1949)
reported no conversion lines from 0.157 and 0.208
gamina lines at the K- or L-levels.
K-CAPTURE
F-capture may be thought of as a process vhereby
a F-shell electron is absorbed into the nucleus. Such
a process occurring in Au-198 would change the nucleus
to that of platinum- 190." Feather and Dainty^^ (1944)
reported that if disintegration of Au-198 occurs by
K-capture, it cannot taVe place in more than 15^ of
the disintegrations. Jnanananda^^ (1946) interprets
the low energy beta spectrum to indicate existence of
such decay. Levy and Greuling-^^ (1948) did not in-
clude such a node of decay in their decay scheme; nor
did Peacock and Wilkinson-'-^ (1948) find sudh decay.
Renard^'^''^^ (1949) found the probability of oecay
by this method to be 2 x 10""^ and concluded that
K-capture is non-existant for golc-198. Steffen et




Seaborg and Perlrnan'^^ (1948) list half-lives
of 2.7 days, 2.69 days, and 65.5 hours (= 2.72 d.).
Saxon and Heller^^ (1949) report 2.69
^^
0.02 days.
On the basis of a 2.70 day half-life, a decay
curve is plotted in Fij^re 2. Plotted points are
experinental values obtained by me and detailed in
Appendix I. Table III shows decay corrections for
short periods based on a 2.70 day half-life.
An interesting fact in gold- 198 decay is that
in 9,00 days gold-198 loses 90.0^ of its activity,
ADLITIONAL RALIATION CHAKAGTEHISTIGS OF
GOLL SEEDS
The construction of seeds used in this research
will be discussed in detail later. Essentially,
gold wire of 7 mils dianeter was irradiated in the
atomic pile at Oalr Ridge, and then was inserted into
gold tubing of 15 mils inside diameter and 32 mils
outside diameter. The ends of the tube were sealed
with gold.
BETA rARTICLES AN! C0N\nSRSION ELKGTRONS
Using Feather's Range Equations'^8, R (in ^-m/cra^)
= 0.542 E (in Mev.) - 0.133, it may be computed
that the range of 0.970 electrons is 0.393 gm/cm^







LECAY GORHEGTIOKS FOR GOLI-'-lQS
(For Half-life of 2.70 cays)
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the tube is ejr rails or 0.0216 cm., it is seen that,
neglecting a small percentage of straggling, all
primary beta particles and all electrons of internal
conversion from the radioactive wire are stopped by
the inert tubing,
X-RAY PRODUCTION
The stopping of the above particles is- largely
accomplished by a transfer of energy into Vinetic
energy of electrons by the absorbing material.
Associated with the stopping of the beta particles,
however, there is some x-ray production. Cooper"-'*
(1950) has stated that the best equation for the
efficiency of x-ray production where the target
material is sufficiently thick to stop completely
the incident electrons is given by:
Efficiency = (1.4 x 10~^)ZV
where efficiency is the ratio of x-ray energy produced
to incident electron energy, Z is the atomic number of
the absorber, and V is the energy of the electrons in
electron-volts. Compton and Allison^^, who list a
coefficient of 1.1 x 10"^, give the accuracy of such
equations as £ 20^. Cooper^"^ says that the empirical
relationship holes perhaps to 0,1 Mev, and possibly to
1.0 Mev. TaVing the average energy of the gold-198
particles as 0.323 Mev. (one-third of the maximum beta
- 18 -

energy), and using the gold atomic number of 79, it is
seen that the efficiency of production in the seeds is
Efficiency = {1.4 x 10-^)(S.23 x 10^) (79)
" 3.65^.
Thus, the x-ray energy produced in the seeds by the
Au-198 beta and conversion electrons is approximately
X-ray energy =» (0.523) (0.056 )
= 0.012 Mev. per Au-198
disintegration.
X-ray energy so produced is of two typos. One
type is the continuous x-ray spectrum or "Bremsstrah-
lung". Such radiation is caused by acceleration of
the electron charge due to decrease in speed of the
electron anc to change in direction of the electron's
path. By the Luane-Hunt Law, the continuous spectrum
x-ray photons will have a maximum energy of 0.97 Mev.;
but because of the distribution of wave-lengths in the
continuous x-ray spectrum for any given electron
energy, the average x-ray energy in the continuous
spectrum is below the average beta particle energy.
The other type of x-ray produced consists of
characteristic x-rays. Vi/hen an inner shell electron
Is "Vnocked out" by an incident beta particle, the
shell vacancy is filled by an outer shell electron;
ana the difference in energy between the inner and
outer shells is given off as x-ray energy. The
- 19 -

character^. stic x-ray spectr-iini of gold is shown in
Table IV^.
TABLE IV
GHAIiACTERISTIG X-RAY aJr-ECTRUM OF GOLD








K K - L 0.17996 0.0689
K K - M 0.15902 0,0779
K K - M 0.15902 0.0779
K K - N N 0.15426 0.0803
L L - M 1.23502 0.0096
L L - M 1.27737 0.0097
L L - M 1.08128 0.0117
L L - N 1.06801 C.0118
L L - N 0.92461 0.0136
M-Series About 4-6 .003 to .002
N-Series About 45 0.0003
ELECTROMAGIIETIC ENERGY ABSORPTION
The gold tubing also stops a percentage of
electronagnetic radiation. The amount of absorption
of a given energy radiation depends in part on the
path length of that radiation in the absorber. It
is seen that accurate absorption computations in a
shielded linear source is complex: path length
varies v/ith the angle with respect to the needle
at which the photon is emitted. For gamma compu-
tations in this section I shall assume the average
path length to be that of a photon emitted at the
center of the needle 45^ to the length of the needle.
For x-ray absorption in the gold shielding I shall
assume the same value. Although x-rays are pro-
- 20 -

duced throughout the mass of the needles, and although
there is some angular correlation of x-ray direction
with respect to incident beta direction, the beta
direction is random; therefore, x-raj direction v/ill
approximate random direction. For a point displaced
from the center of the needle, the average path length
to the surface of the needle v/ill be approximately the
same as the average path length from the center of the
needle.
The thiclTiess of the tubing wall is 0.0216 cm.
The radius of the gold wire is 0.009 cm. At 45° an
"average" photon starting from the center of the wire
therefore would traverse 0,0519 cm. of gold.
Using this value for path length, using absorption
coefficients from Oak Ridge curves , and from other
sources'^ , the following cata has been obtained using
Lambert's Law and neglecting Gompton scattering.
TABLE V
SHIELDING OF ELECTROMAGNETIC RADIATION BY GOLD TUBING
Photon Remarks (/^"^Ts ) H&lf-thick- % Remaining
Energy in ness in after .0519
(Mev.
)















thotoelectrons and Conpton scattered electrons may
be emitted nt any angle with respect to the incident
photon (although not with the same probabilities),
TaVing into account the random direction of the electro-
magnetic radiation from the wire, assume an "average"
recoil electron direction of 45° to the surface of the
needle. Then to junt reach the surface of the needle
the "average" 0,411 Mev. photoelectron v/ould be iTiocked
from its atonic orbit at a point (0.0062 Cos 45° =)
0.0044 cm. belov; the surface of the seed.
A cross- section of a seed is shovm in Fij^';ure 5.
The cotted circle represents tlie limit of range of a
0.411 I'ev . "average" p^^otocl^ctron.
The ratio of the
,
0044 CAj.
area outslce the dotted
circle to the total
area occuppied by
gold is,
(.04' 7)2 - (.^362)2
(.0407)-^-(.C19r,)'V(.0.')c<V.)^
= 0.362.
It \b sooi. triat the
inverse square law plays FIGURE 3— Gross-section of
Gold Seed,
no part in comj-utations
per unit an .•,1 e in l-'i^ru^'e
5. In this fl(2;ure, for a given angle at the center of
- 23 -

wire. Intensity per arc length varies inversely as the
squnre of the radius; but arc length varies directly as
the square of the radius. Neglect for the present the
decrease of Intensity v/ith increasing radius due to
absorption. Then it follows that the number of recoil
electrons from the 0.411 Iv!ev. gamma reaching the surface
of the tube per gold-198 disintegration is,
10.4^ absorbed .411^ (.562) = 0.0038 Mev. of re-
100 coil electron energy
per Mev. of .411 T
emitted.
The above computations were made on the basis of 0.411
Mev. recoil electrons. Gompton effect plays a part in
the 0.411 Mev. gamma absorbed by gold {although not so
important a part as in tissue); so the "effective"
value of electrons to be considered is v;ell below 0.411.
Theoi-etically , the "average" electron starting
0.0044 cm. below the surface will arrive at the surface
with zero energy. Because of this effect the total
electron energy delivered to the surface will be reduced
from a value obtained using the "effective" value above.
Finally, due to about 10^ absorption of the 0.411
Mev. gamma interior to the 0.0044 cm. depth, production
of electrons which could reach the surface will be
reduced another 10^.
Therefore, the energy of recoil electrons arriving
at the surface of the seed will be v/oll below 0.2'^ of
- 24 -

the 0.411 Mev. gamma ener[^y reachln,^^ the surface.
The range of such electrons in ticsue is a
majxiinum of 0.11 cm.
SECONDARY MID T'iCRTIAP.Y EPI-'^GTS
The final stage of energy loss of all the above
types of radiatjon Is the production of lov/ energy
recoil electrons, low energy x-rays, and atomic and
molecular excitation. Such low energy electrons have
such short ranges, and such x-rays have such a large
absorption coefficient in gold and tissue, it seems
Improbable that their effects v/ill be felt beyond
0.1 cm. from the seed in tissue.
SUMIvlAKY
To maf-e theoretical quantitative computations
it is necessary to use data. On the basis of the
above information it is assumed that the radiation
characteristics of the gold seeds used in this
research are as summarized in Table VI.
For practical considerations of this paper it is
assiimed that the energy emerging from the seeds is
100^ 0.411 Mev. gamma.
TOXICITY
Gold has previously been used in medical therapy














(1/750 as much emitted as
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scattered pho- correction)








( .97 Mev.-iax. )
Au-199^ Shielded out.
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injected radioactive sols for therapy of diseases of
the l^Tiphoid syste.T., as Intrapulnonary injected radio-
- 26 -

active sols for treatment of lung metatases, and in
direct infiltration of tiunor masses v/ith radioactive
colloidal solutions. In the treatment of arthritis in
which colloidal gold is injected intravenously, a gold
toxic effect has been noted, and this toxicity has
been investigated. Preyberg, Block, and Preston
(1944) report that colloidal gold causes no important
renr^l disorders but produces liver and spleens full of
the heavy metal phagocytized in the I'eticulo-endothelial
cells. The parenchymatous cells of the respective
organs v/ere damaged in proportion to the. amount of
phagocytosis. They state that it appears that gold
toxicity in human beings Is seldom due to parenchyma-
tous poisoning effects except in some cases of nepliritis.
Instead a type of allergic reaction is the cause. But,
" elemental gold is not the cause of such allergy
reactions . " (Italics mine) Neither could evidence of
gold proteinate being the cause be found, rr o the
nature of the suspected allergen remains obscure.
Studies of the body distribution of raoioactive
colloidal gold sols injected into the blood stream have
been made '"^ * and demonstrate that significant
amounts are deposited in the liver, spleen, and kid-
ney; and that there is a definite deposition in a v;ide
variety of body tissue. Ho\7ever, it has been found-^^
that colloidal gold injected into the tissues remains
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at the site of Injection. Hahn et_ al^ (1947) state,
"A study v/as made to determine whether the insolu-
bility of gold colloids in body fluids could be used
to advantage in direct filtration of neoplastic fluids
, • (and it was found to be) . .a suitable manner in
which to deliver radiation to a discrete mass of tissue."
Sheppard and Hahn-^ (1947) further state,
"When given . . (as a :^old colloid administered
intrnvenously) • . no toxic symptoms of any kind due
to the metal are observed. The amount of gold per dose
is always less than five milligrams."
Now the above discussions of toxicity $ill apply
to colloidal solutions. Pallia introduced the use of
gold for shielding of radium and radon sources. In
their very complete books, in mentioning the use of
such gold shielding Wilson^^ (1945), Paterson^^ (1949),
and Holmes and Schulz^^- (1950) make no mention of a
toxic effect due to the gold; nor has the writer seen
mention of s-f.ch effects elsewhere.
Gold is insoluble in tissue fluids. Therefore, in
the form of gold seeds it could not be carried in
neasureable quantities to other sites In the body. Any
toxic effects, if they exist, due to the elemental gold
of such seeds must be duo to some kind of surface effect.
But the surface area of the gold seeds of a typical im-
plant is many orders of magnitude smaller than the
surface of a milligram of colloidal gold. Since Hahn
and Shoppard report no toxic effect with several milli-
grams of colloidal gold, it is exceedingly unlikely
that there is any toxic effect to the body due to
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ir^planted gold seeds except for the usual foreign body
reaction.
III. GOMPAEISON OP THERAPEUTIC QUALITIES OP GOLD-198
RADIUM, RADON, AND COBALT- 60
MODE OP BIOLOGICAL EFFECTS
To analyze the effects v/hich different radiations
may have in therapy one should have in mind the manner
in which radiation produces biological effect. A brief
review of facts and theories on the subject seems in
order.
The physical means by v/hich radiation reacts with
matter
—
photoelectric effect, Compton effect, and pair
production for gamma photons; and x-ray production.
Auger effect, direct ionization for beta particles;
plus complex secondary interactions--are fairly well
Imown, From a biological viev/point all such reactions
lead either to formation of ion pairs in tissue or the
"activation", the raising of the energy level, of mole-
cules in tissue.
Peter son^^ (1949) In a review of experimental
evidence states that after the initial interaction,
the effect may be,
"(i) Direct on protein or other molecules, or (ii)
indirect via action on water. Evidence supporting a
direct action has been obtained for some biological
systems. It is the mechanism of radiation action for
substances in concentrated solutions. Evidence of indi-
rect action has been obtained for several substances
of physiological importance in-
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eluding enzymes in dilute solution. Indirect action is
characterized by (i) i^roportion of change increases with
dilution of affected substances and (ii) "Protection"
against radiation may occur by the presence of other
suitable protecting substances in the solvent."
As to the radiation effects on the cell, Paterson^^
(1949) siimmarizes experimental evidence:
"(1) The cell nucleus is affected more than the
cytoplasm. Gross structual changes occur in chromo-
somes and gene mutations are caused.
"(2) I/Iitosls is arrested and degeneration may
occur when the cell attempts division, or even in the
resting stage.
"(3) Differentiation may occur in resting cells,
"(4) Nucleo-protein metabolism which controls
growth is reduced.
"(5) None of the above may be the initial radia-
tion event in the cell yet all probcbly contribute in
varying degrees to lethal effect. In bacteria gene
mutations may be responsibly. The death of the zygote
after irradiation of the sperm is thought to be due
to chromosome damage in its various forms; after irra-
diation of the ovum, chromosomal and cytoplasmic
damage both contribute to the lethal effect. Somatic
cells, including malignant cells, seem to resemble
the ovum in their response."
Ellinger^^(1949) consioers that the primary effect
of ionizing radiation in producing radiation damage to
the body is the direct action on protein molecules,
and that the action of radiation on water molecules
may contribute secondarily to the body effects. Lea^^
(1947) on the other hand says that direct action on
molecules is important for small viruses but not so
important for higher cells as are other chemical pro-
cesses. He states that ionization, not excitation, is
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the important radiation phenomenon. Zirkle^^ (1949)
stresses the importance of water reactions as does
Glark^^ (1946) who virtually ignores direct action of
radiation and even indicates that decomposition of
organic compoiinds is due to reactions with activated
water or hydrogen peroxide.
QUALITY OF RADIATION
Paterson'^Q (1949) states that changes in biologi-
cal effect resulting from change of wavelength could
result frora (a) difference in ion density produced by
absorption of the gamma rays, or (b) change in pene-
trating power of radiation due to change in absorption
coefficients. The latter effect will be discussed
later.
Pater son stntes that the gamma rays from radium
screened by at least 0.5 mm. of platinum produce,
"about 10 ions per micron of tissue, v/hilst the
figures for 200 K". V. X-rays is of the order of 80 ions
per micron (Gray, 1946). Thus, since the effect of a
small number of ionizations produced close together may
not be the seme as that of the same number more widely
distributed, the change in ion density may account for
differences in the biolorical effect. Differences in
ion density nay be negligible in effect within the range
of 200 K.V. to gamna-rays for many biological criteria;
but it should be kept in mind that an alteration depend-
ing upon it may be shov/n for other criteria."
Ellinger^O (1941) states,
"These few examples, which can be multiplied
at will, already shov/ a wave length specificity
of the action of radiation does not exist. The
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sarae morphological and cheraical changes in living mat-
ter can^be produced independent of wave-length, inso-
far as it is at all possible for the necessary energy
to be effective, i.e. to be absorbed at the site of the
biological process."
However, in listing experimental results of others.
Pater son lists the following results which tend to
show that low energy radiation is more effective than
higher energy radiation: Packard and Emer (1945) con-
firmed that lethal effect on Drosophila e^^gs was inde-
pendent of wavelength below 200 K.V. but fell about
20^ for doses greater than 400 K.V. Inhibition of
growth of mouse sarcoma fragments (Sugiura, Henshaw,
and Francis, 1936) indicates that gamina radiation is
less offective than 200 K.V. radiation. Mottram and
Gray'^^ (1940) found the ratio of effectiveness of
x-rays and gamma rays on the sVin effect on mice tails
to be larger for x-rays than could be explained by ab-
sorption differences. LasnitzVl ana Lea'^ (1940)
found the doses in roentgens required to reduce
mitotic figures in chick fibroblasts to be in the ratio
87 to 40 for 0,014 X compared to 0,107 A.
49Pater son summarizes experimental evidence of
long versus short wavelengths as follows:
"(1) There are no qualitative differences.
"(2) There is evidence of quantitative biological
equality in the effect of X-radiation over a wide range
of v/ave- lengths in the superficial and deep therapy




"(3) Equality has been found between X-rays and
gamma-rays in some instances, but a lessened efficiency
of the very high voltage X-rays and gamma-rays has also
been reported. The exp-erimental evidence is not yet
adequate for a final decision on the relative efficien-
cy of longer wave-length X-rays in the 50 - 400 K. V.
range compared with the shorter wave-lengths in the
million volt or gamma-ray range.
"(4) Observed differences in skin reactions with
different wave-lengths can largely be accounted for
by absorption differences."
Paterson^^ gives his own opinion as follows:
" The weight of clinical experience, as I interpret
it would seem to indicate that within the range of
wavelengths used in present-day clinical practice—that
is. X-rays from 60 to 1,0C0 K.V. and the gamma-rays of
radium—response to treatment is unaffected by wave-
length, all other factors being equalized. For many
years, controversy raged around the subject of speci-
ficity of wave-length. One school of workers believed
and taught that quite apart from all questions of
depth dose and a differential absorption of different
wave-lengths in different tissues, the shorter wave-
length v/as superior to the longer as a therapeutic a-
gent in malignant disease. Most present-day workers do
not believe in the specific advantage of shorter wave-
length and hold that st least in so far as lethal
effects on tumour tissue and normal tissue are con-
^
cerned, and in particular as regards the relationship
between them, it is immaterial hov/ radiat: on energy is
applied to an irradiated volume If we accept.. (the
above)... we can, by and large, interchange experience
of X-ray and gamma-ray therapy, and look upon these
as interchangeable media e>:cept in so far as important
differences in method of application and treatment
period may affect the situation.
"The question has been analysed at some length
because there is considerable misconception as to the
real issues involved and short v/ave-length irradiation
is credited with advantages which are not inherent in
the wave-length but are indirect consequences of its
manner of production and application. I feel that when
all the realities of the situation have become clari-
fied, effect in both tumour and normal tissue will be
found to be a factor solely of the radiation energy
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absorbed and to bear no relationship to the v;avelength
delivering that energy. This generalization in regard
to the clinical field does not, hov/ever, mean that one
can deny that differences do exist where intra-cellular
effects are examined as an experimental problem,"
The following information seems pertinent:
(1) For any given beta particle, the number of ions
formed per unit of path is pbout constant until near the
end of its path. When a beta particle has had its energy
reduced to a lov/ value, however, the specific ionization
along its path takes a sudden rise until the particle
energy is near zero. Therefore, for a given intensity
of beta particle energy, that group of particles having
given individual initial energies will produce a higher
specific ionization than another group of particles
having higher individual initial energies. This effectt
may be seen in the equation of E. J. Williams as quoted
in Compton and Allison"^^, which for tissue Is essentially,
dE/dx 5= (constant ) (initial electron velocity)
where dE/dx is the loss of energy by an electron per unit
path length. This effect also is seen in the results of
Gray quoted on page 31,
(2) Low energy gamma-rays will produce photoelectric
and Compton recoil electrons of lower energy than those
produced by high energy gamma rays.
(3) Current figures in general use indicate that
beta radiation has a lower biological efficiency than
alpha particles, protons, or neutrons; and the difference
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Is generally attributed to the larger specific ionization
given by the latter.
Prom this information it is concluded that if there
is any qualitative difference in the effect in tissue of
the absorption of the same intensity of electromagnetic
radiation of different wavelengths, that the lower
energy electromagnetic radiation will have the larger
effect. The experimental findings are not yet sufficient
to determine if there is any variation in effect due to
quality of radiation in the 400 K.V. to 2000 K.V.
range.
Therefore, gold-198 gemma is at least equally
effective in cancer therapy as radium, radon, or cobalt-
60 gamma. It may bo more eixective.
ENERGY ABSORPTION PER UNIT OF INCIDENT ENERGY
In deep therapy with X-rays it has been the tendency
to use higher and higlier tube voltages to enable greater
penetration of the radiation field into tissue with
smaller energy absorption at the skin. It seems to
follow that the reverse should be true for seed im-
plants ar.d for contact therapy. In the latter methods
of troiitment it is desirable to localize the radiation
field in the treated area; therefore it seems that less
penetrating energy, therefore lov/er energy is desirable.
For most of the gamma energies of gold-198,
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radiiira, radon, and cobalt-60 the Initial reaction with
tissue is by the Compton effect. Below about 0.5 Mev.
in tissue photoelectric absorption conmences to become
significant, and the threshold for pair production is
1.02 Mev, In the Compton effect part of the energy-
interacting is absorbed as ionizing energy and part
is scattered as photons of lov/er energy than that of
the J. ncic'ent photons.
Published curves for absorption coefficients
generally are of tv/o types: (a) those showing the
percentage of energy interacting in any manner per
unit path at different photon energies for given
absorber materials, and (b) those shov;ing percentage
of energy absorbed by ionizing processes for the
above conditions. Respectively, the absorption
coefficients involved are generally written, "/^"
and "(^-«^)". Subtroctin.:^, i^-^s) from /x for a given
energy yields the percentage of energy which is
scattered by the Compton scattering process per
unit path in the absorber for that incident photon
energy.
That Compton- scattered energy is important in
calculations is incicated by comparison of values
for different Incident photon energies in tissue











0.600 0.087 0.0320 0.055 1.7'
0.800 0.076 0.0312 0.045 1.4
1.200 0.062 0.0268 0.033 1.1
2.000 0.048 0.0250 0.023 0.9
The final colijimn indicates that for Au-198 that 2.5
tines as much energy is initially scattered by Comp-
ton scattering as is initially absorbeci by ionizing
proce?;ses.
Lifficultics in theoretical considerations of
energy absorption fron electromagnetic radiation are
increased by the fact of Compton- scattered energy.
Since the scattered energy may itself be either ab-
sorbed by ionizing events or again scattered by the
Compton scettering process; 'mowing absorption coeffi-
cients does not permit direct calculation of tissue
energy absorption if the energies involved are in the
Compton effect range. To compute accurately energy
absorption in tissue in the 200 F.V. to 2000 K.V.
range of gamma photon energy, cognizance must be taken
of the comi^lex nature of Compton sc'attering.
One such attempt was made by Mayneord (1940).
He considers a uniform parallel beam of incident





a hemisphere of absorber of radius, "a". Prom
theoretical considerations he computes that the scat-
tered radiation reaching the center of the flat face
of the hemisphere (having been scattered from within
the hemisphere) is given by,
where "zj" is the density of the absorber, "N" is the
number of electrons per unit mass of absorber, " ^r "
is the total energy scattered per unit energy flux per
electron at angles greater than 90°, and "yu. " is the
average linear absorption coefficient of scattered
radiation.
Unfortunately, Mayneord's equation is not appli-
cable here. It was designed for the conditions of x-ray
therapy in which a parallel beam of photons .-^re inci-
dent perpendicular to the skin (or a plane surface
under the skin). Piirtherraore, although the author
has found some agreement between the equation and ex-
perimental results, it is an approximation, and it may
or may not hold for the energies of gold-198, radium,
radon, and cobalt-60.
Plessett and Cohen^^ (1951) have derived equations
giving the dosage at a point in a medium from radiation
originating at another point in a medium. Their equa-
tions are divided into those cases in which secondary
Compton scattering may be neglected and those cases in
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which Gornpton scattering must be considered. The
equations are exact and they are quite coraplicated.
To find the dosage at a [^iven point requires a double
numerical integration. To find the cosage in a volume,
therefore, requires a numerical integration in five
dimensions; and to compare gold-198, radium, and
cobalt-60 such integration would have to be repeated
for each gamma emitted by these isotopes and their
daughters. Time is not available to perform such a
large task. The value to cancer therapy of the re-
sults so obtained would be worth the effort, because
the results would give the exact magnitude of Gornpton
scattered energy absorbed in the volume considered.
To find the effect of Gornpton scattering on
radiation absorption from interstitial implants I
have used a method to be described below. The
method involves three major approximations which
will be described in detail and which seem acceptable;
it involves a one-dimension numerical integration for
each photon energy involved; but it gives results
which may be smaller than the true values. It is
believed that the method is original, although it
may have been used in a reference not found in the
bibliography.
Computations are predicated upon the situation
depicted in Figure 4. Consider a point source of
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gairana radiation. A, and
consider the radiation
from A to be incident
upon an electron at B
so as to o;ive a radia-
FIG-URE 4--Basis for Gom-
tion intensity at B of putation of Gompton
•^ Scattering Effect.
one Mev/cm2/sec. Gon-
sider B to be an "average" electron so that it inter-
acts, not as one electron, but as the most probable of
all electrons would interact. That is, the electron
at B absorbs energy and scatters energy as the statis-
tical mean of all electrons in tissue would absorb
energy and scatter energy. Consider the electron at
B to be surrounded by a sphere of tissue of density
1.08 gm/cc of radius 2 cm. Of the energy Incident
upon B from A, the electron at B will absorb a por-
tion defined by {u-tr^) expressed in electron units.
It will also scatter energy in varying amounts and
of various photon energies at different solid angles
in the sphere. Of the energy scattered by B into
the sphere, C, some will be absorbed by other elec-
trons at points other than the center of the sphere.
That portion of the incident energy which is
scattered by B and reabsorbed elsewhere in the sphere
has been ta^en as an indication of the effect of




The choice of a two-centimeter radius sphere was
made for the following reasons: (1) It was necessary
to chose some distance. (2) Two centimeters is about
the majximum distance from an interstitial source at
which an intensity of therapeutic value exists, because
of inverse square fall-off and because of overlap from
neighboring sources. Therefore, in therapy one is not
immediately concerned with radiation intensities
beyond two centireters from the source. (3) Radiation
scattered backv/ard represents a larger intensity tra-
versing the treated area. (4) i^adiation scattered to
the side represents an ability to transfer intensity
from "hot" spots to "cold" or "low" spots in the
radiation field. (5) P^adiation scattered forv/ard is
of no consequence; because of absorption coefficient
considerations the effect of forward scattering is the
same as if there had been no scattering in the forward
direction.
Reasons (o), (4), and (5) will be ciscussed in
detail later.
The first approximation to be made in this method
is to assume that the scattered- energy reabsorbed in
sphere "C" (Figure 4) is a measure of the Gor.ipton
scattering effect v/ithin two centimeters of a linear
gamma source in tissue. With the electron, "B", loca-
- 41 -

ted near a linear source the approximation obviously
holds. With the electron, "B", located two centimeters
from a linear source, the approximation is still valid
because (from reasons (5), (4), and (5) above) the
energy scattered away from the needle is of no signi-
ficance and is not considered in mefcing conclusions.
The 3econc approximation made v/a3 the neglect of
the effoCbS of secondarily scattered Compton photons.
In their paper, Plesset and Cohen (1951) state, "For
distances small compared with the mean free path, the
intensity is accurately given by the transmitted un-
scattered photons and the singly scattered photons."
For gold-198, radium and radon, and cobalt-60, photon
energies vary from about 0,3 Mev. to about 2.0 Mev,
For the 0.411 Mev. gamma of gold-193, the total linear
absorption coefficient in tissue is 0.111 cm~^. This
means that on the average a 0.411 Mev. photon will
travel (l/.lll =) 9.4 cm. in tissue before having a
collision. By this method, the mean ranges of energies
of the above isotopes vary from 9.0 cm. to 19.6 cm.
Since 2.0 cm. is small compared to 9.0 and 19.6 cm.,
neglecting secondary Compton scattering would cause
only minor errors in the computations.
The third approximation is shown in Table VIII





PHOTOK ENERGIES USED IN COMPUTATIONS
Accepted Used
Radiation Gamma % In Gamma % In
Source Enerpiy Spectrum Eneri:LY Spectrum
Gold-198 0.411 O^jC 0.411 100^
Radium 0.184 OO*
(Shielded 0.241 01*
by J- mm. 0.294 03*
platinum) C.550 07* 0.340 11^
0.607 22* 0.607 225^
0.766 03*
0.933 04* 0.850 01%
1.120 14*
1.238 05*
1.379 05* 1.200 245^
1.751 27*
2.198 10* 1.800 375^
Cobalt-60 1.117 54
1.353 46 1.200 lOOJ^
*--See Appendix V.
Complete details of computations are given In
Appendix V. Flrnt, the energy of Compton sc&ttered
photons for the various incident energies were found
at each ten degrees of scatter from 0^ to 180°. Re-
sults are shown ':n Appendix V, Page 147 .
Next, the Fleln-Nlshina scattering equation v;as
solved for each 10^ from 0° through 180° for each of
the above incident energies. Solutions gave the
Intensity scattered at each of these angles per
solid angle per electron per unit incident intensity.
Then, using the absorption coefficient i^-tr^) for
the energy of the Compton scattered photon scattered
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at a given angle from a beam of given energy of inci-
dent photons, and using the intensity (luev./cm^/sec
)
scattered at that angle, corrected for the three-
dimensional nature of the sphere, the amount of
energy absorbed in the sphere per angle (in degrees)
of scatter v/as found. Results are shown in Figiire
5. A numerical integration for each incident photon
energy was performed to find the total energy absorbed
in trie sphere between various angles of scatter.
To interpret the results the following defini-
tions are aj^plicable:
"Forwarc-scatter"--thpt energy scattered by Coirj»-
ton scattering at angles between 0^ and 40'-* to the
direction of the incident beam.
"Side-scatter"--that energy scattered by Compton
scattering at angles between 40^ and 140° to the
incident beam.
"Bacv-scatter"—that energy scattered by Compton
scattering at angles between 90° and 180° to the
incident beam.
Results of the numerical integrations are tabula-
ted in Table IX. These results may be interpreted to
mean that
:
(1) The relative amounts of forward- scatter is
of little importance. A study of the mass absorption






RESULTS OF INTEGRATION, APPE1^1DIX V
Source Energy Absorbed x 10~^® per
1 Mev. of Incident Gamma






















the absorption coefficients of all of the involved
incident photon energies and scattered photon ener-
gies are about the same. Thus, whether radiation is
in the form of scattered photons or incident photons,
the same percent ar^e of energy is absorbed per unit
path. Forward- scattered energy is moving in the same
direction as incident energy. Therefore, to a close
approximation, the energy absorbed in tissue is inde-
pendent of the amount of forward scattering.
(20 The amounts of side-
scatter may be talren as measures
of the relative abilities of the
respective therapeutic agents
to produce more homogeneous
radiation fields. Consider the
example in Figure 6. Let point
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A in the radiation field from the linear source shown
have a high intensity of radiation and point B have
a low intensity. It is obvious qualitatively that
more energy v/ill be scattered from A into B than
from B into A. Therefore, there is a tendency to
equalize the radiation field tlirough Comi)ton scatter-
ing. If the relative amounts of side- scatter defined
above is taVen as an indication of this tendency to
equalize, it is seen from Table JX that per unit
incident energy on an electron, twice as much energy
is absorbed within two centimeters to the side of an
electron for the gamma emitted by gold- 198 than in
the case of the gamma rays from radium. Therefore,
gold-198 is 1005^ more efficient in evening out its
radiation field than is radium. It is 2.7 times
more efficient in evening out its field than cobalt-
60.
The importance of such "evening- out" is shown
in Table X. In terms of total energy radiated it
is seen that the hot spots in an Au-198 field will
be (1.062/1.034 ) 2, "7% nearer to the mean value of
the field than those of radium.
It should be noted that the Manchester system
of dosage calculations (Meredith"^, page 28) is
based upon a lOJ^ variation in intensity of radia-




IICPORTAKGE OP SIDE-SCATTER ABSORPTION
Radiation If Amount of Energy Ab- Gompton Scattered
Source sorbed by Electron by Energy Absorbed by
(/^-Q ) is: Side-scatter Isi
Gold-198 1.000 Mev. 0.062 lev.
Radium & 1.000 0,054
Radon
Cobalt-60 1.000 0.026
this system give llOJ^ of the required dosage to com-
pensate for the "low spots" in the radiation field.
Since 0.411 Mev. gamma is more efficient in equaliz-
ing its radiation field, the 10^^ safety factor may
be reduced for gold-198. As compared to radium
dosage, a 7.3/^ factor in gold-198 therapy would give
the same effect at "low spots"; or the radiation
field could be increased to a safety factor of 12. 7^^
with the same dosage in the "hot spots."
Paterson^^ (1949) states,
"
. . often forgotten, is the fact that every
single part :> T this block . . (of treated) . . tissue
must be raised to the lethal dose level. One single
undcrirradiated or unirradiated section in which tumor
cells are present, vitiates the v/hole treatment as
thoroughly as does incomplete surgery. For treatment
of tumors of low therapeutic ratio where high dose
levels are required, the field of irradiation must not
only be complete, but must be relatively homogeneous,
because of the narrow margin between minimum lethal
and tissue tolerance doses. The nearer true homo-
geneity is approached, the higher the actual dose
levels which can safely be attained."
In view of the above data on side- scatter absorp-
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tion, this quotation argues for the use of gold- 198
in preference to radi-um, radon, or cobalt-60.
(3) Relative amounts of back- scatter absorption
are indications of therapeutic ratio. Vi/hen energy
from 8 seed is subject to bacl-^- scatter, that energy
retraces its original path and so intensifies the
dosage along that path. Therefore, energy absorbed
by bacVscatter represents (a) more energy absorbed in
the treated area, and (b) less energy escaping from
the tumor area to ceuse radistlon dana£re in distant
parts of the body. It is seen in Table IX that per
unit Intensity of radiation 2.34 times as nuch baclr-
scatter absorption occurs for Au-198 as for radium
gamma, ana 3.6 times as much occurs for Au-198 gamma
as for Gobalt-60 gajnma. The importance of such back-
scatter absorption is shovTi by Table XI.
TABLE XI
IMPORTANCE OP BACK-SCATTER ABSORPTION
Radiation If Amount of Energy Ab- Compton Scattered
Source sorbed by Electron by Energy Absorbed by
(^-<r^) Is; ^ Back- scatter is;
Gold-198 1.000 Mev. 0.022 Mev.





(4) If the electron absorption coefficient,
(/^'^ ) electi»ron and the bacV-scatter energy absorp-
tion per scattering electron are added, the results
shown in Table XII are obtained. These results may
TABLE XII
EFFECTS OP BACK-SCATTER AND OP
ABSORPTION COEFFICIENTS
Radiation Energy Absorption in Relative Values of
Source Mev, x 10*28 p@p Energy Absorption
Electron per Incident for G-iven Incident
Mev. (Figure 4. ) Intensity
aold-198 1216 1.11
Radium & 1072 1.00
Rcdon
Cobalt-60 1049 0.99
be interpreted that per Mev. of radiation emitted by a
seed implant llj^ more of the Au-198 radiation than
radium radiation is absorbed by the tumor area.
Au-198 has 11.25^ better absorption in tumor area than
cobalt-60.
(5) In computing the above values, "back- scatter
"
and "side- scatter" were defined arbitrarily. Because
of these arbitrary definitions, the above computed
values for "evening out" of the field and intensity of
the field due to backscatter are probably low. In the
above calculations the photons were considered to be
from a point source and to be scattered with a forward
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direction perpendicular to the point source. However,
for a linear source, the "forward" direction of a
given photon is seldom perpendicular to the long axis
of the linear source. On the average back- scatter and
side-scatter will be at the angles as defined. But
consider the two cases of "side- scatter" in which two
photons scatter to a point et angles of scatter of 25°
and 155°. These angles are outside the angles defined
for " side- scatter" . Prom the shapes of the curves in
Figure 5 it is obvious that the average of the energy
scattered in these iJwo cases is above the value pre-
dicted from Table IX.
For sirniliar examples, the same increase is true
for back- scatter; but the reverse is true for forward-
scatter. Thus the fact that the computations were
made for photons emitted perpendicularly to the seed,
whereas this condition does not obtain strictly,
means that the therapeutic advantages of gold- 198
radiation are more pronounced than predicted above.
(6) In all of the above computations the Corap-
ton scattering from the shielding material around
needles and from the sources themselves was neglected.
Call such scattered radiation "self-scattered" radia-
tion. That the amovmt of such self- scattered radia-
tion is about the same for go Id- 198, radium, and




RADIATION SCATTERED BY SHIELDING
Source Path Length Amoiint Scattered
For Photons Bmei»f;lng at 9^^ to the Long AxIf, of Source
Gold-198 0.0216 cm 1.95^
Rfldium n.05 2.1^
Cobalt-60 0.05 1.3^




For Photons Emern;lnp; at 0^ to the Long Ajcls of Source
Gold-198 0.5 cm 36.5^
Radium 0.5 39.3^
Cobslt-60 0.5 11.3^
The effect of self- scatter is to add lower energy-
components to the spectrum emerging from a seed. A
study of Appendix V shov/s that lower energy components
are scattered in tissue in much larger amounts in all
directions than are higher energy components. The
energies of scattered photons is independent of the
absorber causing the scattering, so the energies of
the above self- scattered photons will be the same as
those obtained in Appendix V. In all cases the energies
of the scattered gold photons v/ill be less than those
of the other two isotopes. Therefore, it follows
that the result of self- scatter is to enhance the




To simmarlze the above conclusions;
(s) Because of better homogeneity of field it
takes 2,1% smaller radiation dosage to treat cancer
with gold-198 than with radium or radon, and 3.5^
smaller dosage of gold-198 than of cobolt-60.
(b) Because of differences in backscftter and
in absorption coefficients, it takes a dose of gold-
198 II.O7J smaller than radium or radon to accomplish
the snme energy absorption, and a 11.2^ smaller
dosage of gold-198 than cobalt-60.
(c) The totol of (a) end (b) above is a net of
13.7^ less required dosage for gold-198 than for
radium and 14.7$;^ less for g'old-198 than for cobalt-
60. Another interpretation of these figures is that
the therapeutic ratio of gold-198 is 13.7^ higher
than that of radium and 14.7^ higher than that of
cobalt-60,
(d) The above figures are probrbly lower than
the true value by an amount which cannot be computed
readily.
TIME EFFECT OF RALIATION
It is v;ell established that the three factors
to be considered in the relationship of length of
radiation exposure with biological effect are overall
time of treatment, fractionation of dose during treat-
- 53 -

ment , and intensity of r^^diation during exposure.
Of these, opinion seems to be^^»^^ that the intensity
of radiation does not itself affect biological
effectiveness of a given dose, but that the amount
of fractionation and the overall time of treatment
have a great effect thereon.
In the application of interstitial implants or
surface applicators, the radiologist accepts an
Increased time interval of treatment. In a review
of experimental evidence Paterson (1949) states,
"(2) Extension of overall tirrie diminishes the
effect of a dose of radiation in most biological
materials. Below a certain minimum time which
varies v;ith the material no influence of altered
tine is seen. There are, hovifever, a few criteria
of radiation effects, for example the production of
recessive mutations, which show no modification with
extension of time.
"(3) There is evidence that diminished effect
with increased time is due to recovery; where no
differorce in effect occurs with extension of time
the result, if real, indicFtes an incapacity for re-
covery. Orr^anisms and tfssues vary in the ability to
recover. SVin and skin tumours show a recovery rate
v/hich is rapid at first but diminishes with further
prolongation of the overall time.
"(4) The nearest experimental approach to study-
ing contrasting dosage rates is obtained with fraction-
ated radiation when the overall time is kept constant.
If adequate fractionation is employed the influence of
dosage rete disappears; this suggests that the exten-
sion of overall time, not the dosage rate, determines
the lessened effects of (2).
"(5) The interval between fractions or the degree
of fractionation is important. If the number of frac-
tions is sufficient thf- effects resemble those of
continuous radiation f ^ r the same overall time period;





"(6) An enhanced effect v;lth increased time is
seen with fractionated radiation in some materials
at critical intervals. This finding, which is contra-
ry to the general rule, suggests that after such an
interval a material may be more sensitive to radia-
tion."
Pater son further states. 49
"The general rule is that the longer the overall
duration of treatment the greater the dose required
to iroduce any pprticulrj- effect.
"Many v/or-vers believe that clinical advantage is
obtained by increasing the overall time of a course
of radiation. This is the reason for Regaud's use of
treptment periods of froM seven to twelve days for
irrplantotion techniques--a method which is now v/idely
accepted in preference to exposures oT from one to
twenty- four hours as previously used."
"These views on the acventages of prolonged
treatment are not universally accepted. Wlntz of
Erlangen maintains the contrary that the ideal
overfill time is the shortest within which a lethal
dose can be given without producing undue systemic
effects. Pis view night be expressed as on opinion
that therapeutic rstio is optimum when time is short.
"I have found it difflc ilt so far to fit ny
experience completely to either theory, but am in
favour of interpreting experience as Indicating an
appreciable advantage from prolonging exposure
time."
Holmes and Schulz^*-* (1950) state,
"It has been observed that a given amount of
radiation is biologically more effective when deliver-
ed in a short period of time than when its delivery
extends over a long period of time. This is not
clinically noticeable in terms of the rate of admin-
istration of a single dose; that is, whether given
at the rat© of 1) r per minute or 100 r per minute.
It does maVe a great difference, hov/ever, whether,
the total dose is given at one sitting, in two treat-
ments on succeeding days, or is protracted over a
period of many days or weeks, being given in small
repeated treatments. The exact reason for and means
of this recovery is not Vnovm, but it is probp.bly due
in part at least to the same natural forces of repair
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which operate when tissues are damaged from any
cause. Considerable work has been done showing
rates of recovery of various tissues indicating
that all tissues do not recover at the same rate or
to the sajne der^ree. The effectiveness of roentgen
therapy is partly due to the fact that normal
tissues seem to retain the ability to recover to a
greater degree than do abnormal tissues."
Paterson's conclusions^^ are that most racia-
tion effects are found on the cell nucleus, specifi-
cally upon the chromosome structure and upon nucleo-
protein metabolism. Although destructive effects
may be found at any stage of mitosis, it is generally
held (Ellinger^*^ (1949)) that there is a rise of sen-
sitivity to radiation in the prophase which attains a
first maximum before division, with a second ma_Kiraum
sensitivity occurring in the gastrula stage.
EUinger^^ (1949) stf^tes that, "The increased racio-
sensitivity during mitosis could be explained by the
fact that chromatin exposes a larger surface to the
action of rays during mitosis." By extending the
time of irradiation, more malignant cells would be
exposed at the time of their greatest sensitivity,
and because of their slower metabolic rate a pro-
portionately le?53er number of normal cells v/ould be
so exposed. Therefore, it follows that there may be
an advantage in extending the treatment time within
limits.
It seems valid to conclude that for the effects
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of VBJcjlng tine intervals of treatment: (1) Within
limits, the greater the time interval over which
therapy is extended, the larger the dosage required
to accomplish the same results; (2) there may be an
advantage to extending the length of time of treat-
ment; and (3) there are some radiation effects v/hich
are unaffected by extension of treatment period.
Aside from the extension of length of treatment
X)eriod, there is a question of whether a ujilform
dosage rate over the treatment period or a changing
dosage rate will yield similiar results for a given
total dosage. Radiiom and cobalt-60 yield essentially
constant dosage rates; gold-198 and radon give dosage
rates decreasing exponentially with time.
Experimental data and discussion of such a
problem v/as found to be small in the literature.
Cade (1948) believes uniform intensity during the
whole time of irradiation is necessary to obtain
permanent arrest of cancer, but he gives no experi-
mental evidence upon which he bases this conclusion*
There have been a number of experiments made in
x-ray therapy in which the dosage rate has varied
during fractionation^^ biit in general those experi-
ments have not involved exponential changes in
dosage rates. Speaking of such so-called "satura-
tion techniques", Paterson stetes^^,
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"Saturation tochniques are not considered here
as I have not had experience with them, but it should
be remembered that they have been formulated as the
result of careful experi^Hental and clinical observa-
tions, and even if no oetter than evenly spaced dosage
they may be equally good once their tolerance levels
are determined."
As an active approach to this problem, Cohen »°^
(1950) has worVed out the requirec change in dosage
of various Isotopes aue to exponential decay for epi-
dermoid cancer located in epidermis. He finds that if
"E" is the dose of radiation producing a given clini-
cal efi'ect in one treatment, that the cose "D" requi-
red to produce the some effect v;hen fractionated over
"T" days is,
D a ET^
Then tnVing published dat£ from authorities in
the field, Johon plots a curve and finds that n = 0.33
for epidermis and n = 0.22 for epidermoid cancer.
Using the exponential decay law, he then finds the
initial dosage rate for various gamma emitters v/hich
at a specified time during the period of treatment
will exceed the epidermoid cancer lethal dose, but
which at no time v/ill exceed the svir. tolerance
limit, Ke publishes results shov/ing that for the
specified cancer and tissue involved that the proper
dosage is,
Oold-IGS An initial level of activity such
that at 7.4o days a dosage of
5540 r is obtained.
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Radon An initial level of activity such that
at 11 days, a dosage of 5800 r Is
obtained,
Ke defines the time and dosage for each isotope, as
above, as the "critical tine" ojnd "critical dosage"
for that isotope.
It should be noted that Cohen's computations do
not t.il-e into account the basic fact that G0sa(;5e rate
not being constant may hove an effect on the total
dose required to produce an effect. Rather his
rneasijirement s are based on a linear cumulative effect,
A generalization of Cohen's curves is shown in
Figure 7. Curve No. 1 in this fi<^ure represents
tissue tolerfmce dosage; curve No. 2 is the epider-
moid cancer lethal dose; curve No. 3 represents the
proper dose for gold-198; curve No. 4 represents the
proper dose for radon; and curve No. 5 is a dose which
could he used for radium.
As shown by these curves, the length of time
which a radium or cobalt-60 implant is left in situ
is of critic&l inportr-nce. Because of the linear
relationship of dosage to time for these isotopes
compared to the exponential relationship of sVin
tolerance and cancer lethal dose with time, it is
necessarv to remove the radiation sources of radium
or cobolt-6C at a very specific time. On the other
hand, if Cohen's worV be accepted, once the critical
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FIGURE 7—Therapeutic Dosage for Epidermoid
Cancer. (From Cohen^^ (1950)) Curve No. 3
was added to Cohen's original figure.
1--Tigsue Tolerance Dose.
2—Epidermoid Cancer Lethal Lose.
3— Proper Dose for Gold-198.
4
—Proper Dose for Radon.




tine and critical activity of radon or gold-198 has
been determined for a particular cancer, the time of
removal of radioactive sources may be taken at the
convenience of the patient and radiologist at any
time after the critical time has passed.
It is c disadvantage of r^old-lQS that by Cohen's
curve, the shorter the treatr:\ent time the smaller
the thei'gpeutic ratio.
The laclr of experimental knov/ledge concerning re-
lative effects of exponentially decreasing intensity
compared to constant intensity of source may be
another disadvantage in the use of gold-198. The
only methods of obtaining such information would
seem to be by clinical experience or by animal
exj eri. lents. It is felt that such effects will be
found to be a minimum because (1) as in Figure 7, up
to the critical time of dosage versus time, the
curves of accumulated dosage are somewhat linear,
(2) the critical time for gold-198 for epidermoid
cancer 3s about seven days, v/hich is a length of time
of treatment in wide use In radium therapy, and (3)
on Cohen's curves, it may be seen that if radium
is used to give the critical dose at seven days that
the total length of time to which the epidermoid
cancer will be exposed to cancer lethal dosage v;ill
be appreciably less than the length of time that
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gold-198 accuraulated dosage will be above the cancer
lethal dose curve. This difference in time, which
tends to favor gold-198, should equalize a reduced
cumulative effect due to exponential decay of inten-
sity--if such reduced cumulative effect, in fact,
does exist.
With regard to varying dosage rate it is con-
cluded: (1) that statistical results are needed to
correlate gold-198 gainna dosage with accepted radium
game dosage; (2) that on the basis of time effect it
seems that the gold-198 dosage to be given will be a
specific value in time and dosage which will vary
with the cancer and normal tissues involved, and that
such time and dosage values must be accumulated from
previous experience, (3) that st such critical times
and critical dosages, the dosage delivered from gold-
198 v.'ill have about the same clinical effect as the
same total dosage delivered in the sarne ti'ne by
radium or cobalt-60, and (4) that for the same cancer
and cancer site it will taVe a smaller dosage of
gold-198 to produce an effect as the dosage required
of radon.
OTHER BIOLOGICAL ^ACTORS
Paterson classifies tumors according to the
deairebility of using radiotherapy, surgery or both.
He lists the following as tumors in v/hich radio-
- 62 -

therapy is the treatment of choice:
"(a) Sensitive tumours.
(i) Embryonal origin ...
(ii) Keticulo-endothelial origin . . •
(iii) Neuroblastoma, including medullo-
blastoma,
"(b) Tumours of limited sensitivity in acces-
sible sites.
Carcinoma of the mouth, including tongue
and lip
.
Carcinoma of the skin of the face and hands.
CarcinoFia of the cervix uteri.
Carcinoma of the vagina.
Carcinoma of the anus--if of limited size.
Carcinoma of the bladcer--if of limited
si ze,
CarcinoFia of the ma:Killary antrum.
Intrinsic carcinoma of the larynx--if
limited to the core.
Retinal glioma.
"With rare exceptions, treatm.ents in group (a)
is by X-rsys, and relatively large volumes of tissue
are irradiated. Few, if any, of the group are amen-
able to any form of surgical control . .
"In group (b) raciation techniques have j. roved of
greater value thsn surgical extirpation, and radium or
x-rays should be vised for the first treatment, even in
so-cr.lled 'operoble* cases."
Paterson^^^ then lists techni:iues in ordei of
desirrbility as follow?:
"TTeeping in mind the desirability of minimum
volume irradiated end accepting interchangeability of
wsve-length the available methods of treatment are
listed in descending order of merit, and it is inten-
ded that for any particular case the choice should
fall on the method highest on the list which af^er a
review of the problem seems most capable of delivering
adequate dosage homogeneously to the whole of the
treatment zone.
"(1) Radium applicator (mould) . .
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"(2) Single smsll fi^ld X-ray— low volt are . .
"(3) Single small field X-ray—high voltage . .
"(4) Radium implantation comes next in the list
because where technically applicable it shares the
advantap;es of the racium nQuld in liiniting the irraaia
-
ted zone exclusively to the treatment zone, a minimum
of radiation being absorbed in surrounding tissue. It
falls behind the radium applicator and single field
x-ray by being associated with a definite though slight
operative and traumatic risk, varying in magnitude with
the site of the tumour. In addition the technique
precludes such accurate delivery of dosage, as is
possible with more controllable methods. Vvhile placed
fourth on the list it should be appreciated that the
value of implantation depends largely on the extent to
which the operative risk can be controlled and on the
possibility of achieving sptisfactory Implant. In
sites where this is relatively difficult though tech-
nically possible (e.g. pharynx), implantation undoubt-
edly falls in order of preference after (6) or (7),
"(5) Intracavitary radium • .
"(6) Cross-fire small fielo X-ray . .
"(7) Radiura beam therapy . .
"(8) Large field X-ray therapy . .
"(9) Regional therapy . •
"(10) Radiation bath therapy . .
"It is a good generalization in regard to the
choice between radium and X-ray therapy to favour
local radium for all accessable lesions of limited
size, and to prefer X-ray for deeper lesions and for
all large groups of disseminated lesions. For the
former group, there is generally a practicable though
not ideal X-ray alternative to radium; for the latter
there is seldom an equally effective radium alterna-
tive to X-ray."
It v;ould seem that radioactive gold might be
applicable in (1) and (4) above. Hov/ever, the gold
seeds of this experiment were specifically designed
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for the Implantation of (4).
Jennings and Russ^^ list the following information.
Note that here gold-198 corresponds to radon in their
discussion.
"Sites at which Radon Implantations May Be Used:
"(a) Instead of radium v/hich is generally
used: cervix uteri, body of uterus, soft parts, ton-
gue and mouth, skin*
"(b) Possibly in preference to radium: eye
and orbit, glands of neclr, rectum.
"(c) Sites in xvhich radium cannot readily
be roraovedi bladder, brain, rdtuitary, pharynx,
oesoph^J5^ls and bronchtis, stomach."
Possible advantages of leaving seeds indefinitely
in situ following implantetion seem obvious. It
should be seen however that althougii most gamma acti-
vity of radon decays with a half-life of 3.825 days^^,
that following radiura-C in the decay scheme of radium
there are the decay products shown in Table XIV. So
TABLE XIV
DECAY PRODUCTS OF RADIUM q^^*^'^>^'^
Isotope Half- life Radiation (Mev.)
G-arnma Beta Alpha
Pb-210 (RaD) 22 yrs. 0.025
Bi-210 (RaE) 5 days 1.17
Po-210 (RaF) ' 183 days Weak 5.3
Pb-206 (RaG) stable
long as the radon decay products are sealed in the
implantation seed these products present little
radiation to tissue, but there is a low-order
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x-ray production In radon seeds for the life of the
patient. This situation obviously raises the question
of carcinogenicity on the basis of continuing radia-
tion exposure of high linear ionization density.
However, should a lea]r occur in a radon seed, bone-
seeMng polonium will become free in the body to
cause possible bone cancer. In gold- 198, on the other
hand, there are no radioactive daughters and even
should there be a leak in gold-198 seeds in situ
there is no radioactive danger once the gold-198
activity has aied away, and thei-e seems to be no
toxic effect of any kind (Page 25).
A question in the use of gold-198 is the possible
effect that 0.411 Mev. gamma may have on bone.
Lulejian°^ (1951) has shown by theoretical computa-
tions supported by expeririental evidence that such
gamma is ideal for therapy from the viewpoint of un-
v;anted bone energy absorption. Because of different
absorption coefficients involved in tissue and bone
for various photon energies his results show that
there vd.ll be less energy absorption in bone per
energy absorption in tissue for gold-198 gamma than
for radium or radon. Because of a "protection"
effect in which large energy absorption occ^ors at
the peripherary of the bone, about the same amount
of energy will be absorbed in bone marrow for gold-
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198 as for cobalt-60.
ACTIVITY OP SAMPLES
Methods used to calibrate samples will be dis-
cussed later. A one-week irradiation at Oak Ridge
gave activities of between approximately 5.6 and 6.5
mrhra in air per centimeter of r;old seed at the time
of removal from the pile at Oak Ridge. (These
measurements are for the wire shielded by gold tubing
in seeds ready for ii^iplantation. ) This is to be com-
pared v;ith 0.84 mrhm per mi Hi curie in air for a
radium source shielded by 0.5 mm. of .ilatinum.
On the basis of a 2.7 day half- life, the mean
life of gold-198 is (2.7) ( 24) (1.44) - 93.3 hours.
In a lifetiine implant an activity of CO mrhm in
gold-198 w3 11 give a total accumulated dose of 560
mr at one meter. Therefore, in nine days (5.3 half-
lives) gold-198 activity of 5.0 mrhm v.'ill give 505
mr at one meter in air. In seven days a one milli-
curie radium source shielded by 0.5 mm. platinum v/ill
give 141 mr at one meter. To give an equivalent dose
to that of one millicurie of radium applied for seven
days, both measurements being in air, one centimeter
of gold-198 could therefore decay to (141/505 -) 28J^
of its initial activity. Such decay v/ill require
about 5.0 days.
Shipments removed from the pile at Oak Ricge at
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8:00 A. M. on Monday mornings are received by air
freight at the Coliimbus, Ohio, air terminal at 7:30
P. M. the same day. In one day 23^ of the initial
activity is lost.
It is possible to send 200 milligrams of irra-
diated v/ire per shipment '^; tM s corresponds to an
activity of about 240 mrhm per shipment, measured at
time of shipment. P'or a seven-cay treatment time
with radium, this corresponds to { (240) (505)/l41 a)
8G0 mllllcuries of racium, for in air measurements,
or to about 144 curie-hours of radium.
Should higher levels of gold-19e activity per
centimeter of wire be required, they could probably
best be obtained by Increasing the diameter of v/ire
to be irradiated. The increase of activity of irra-
diated gold v/ith increase In mass per unit length of
gold in the wire will be very slightly below a linear
relationship: shielding effect by the wire from pile
neutrons and self-absorption of ^amma will cause the
reduction. Increasing the diameter of irradiated
wire from 7 mils to 10 m.ils would about double the
activity per unit length of wire. It would require
no change in the procedure developed here in the





As pointed out by Doctor Win. a. Myers of the Ohio
State University Medical Center, the largest cost in
cancer therapy is the personnel cost. A physicist,
for coinputing the radiation pattern to be employed, a
technician, for preparation of the sources, and a
radiologist, for making the implantation, are required.
In such matters, use of gold-198 would differ little
in cost from the cost of radiuiri, radon, or cobalt.
The equipment used to prepare gold-198 sources would
be simple sjid a negligible factor. The equipment
used to handle and to implant gold-198 sources would
be the same as that for the other isotopes. In one
respect the cost of gold-198 v/ould be larger because
of the necessity of shipping 90 pounds of container
to and from Oak Ridge with each irradiation shipment,
and there is a ten dollar handling charge at Oak
Ridge for each shipment. Due to these charges, ob-
taining a shipment of gola-198 at Columbus, Ohio,
costs about 1^55 .00.
The gold wire and tubing used in seed preparation
is relatively ine:?:pensive becpuse of the small mass
of gold per unit length.
HOMOGENEITY OF SOURCE
There has been no opportunity to make direct
comparisons of activity at different portions of an
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irradiated wire or between different v/ires in the same
irradiation capsule, but it is estimated that such
variation would be small.
Assuming that the activity is practically con-
stant along a given length of irradiated wire, there
will be no variation of activity along the length of
a gold-198 seed. A single length of the activated
gold v/ire is enclosed in the gold tubing beta shield;
it slides in easily; ana there is not room for the
v/ire to double back inside the needle.
The literature is replete with warnings concern-
ing the possibility of non-hoinogeneity of aistribution
of radium in needles. Freed, Pendergrass and Kaufer ^
(1951) describe methods of detecting defects in
needles and state, "Badly packed needles, damaged con-
tainers permitting leal^age of radium, and faulty dis-
tribution of the radium may produce considerable dis-
crepancy in the expected tissue dose as calculated."
They further state that, "Certificates . . (for radium
needles) . . issued by the manufacturer or by the U, S.
Bureau of Standards, serve as a guarantee of the
purity and quality of radium, but do not give the
purchaser any assurance regarding uniformity of
packing,
"
Wilson^^ also warns of such danpers in faulty
distribution in radium needles and also suggests the
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use of autoradiographs to find faulty needles.
The gaseous nature of raoon insures its equal
pressure distribution in a given seed. Jennings
and Russ (1948) mention variation in intensity-
due to varying bore along the length of glass
capillaries and due to blockage of the capillary by
mercury in the loading process. Also the process
of cutting and "shortening dov/n" radon seeds tends
to concentrate more radon pressure in one group of
seeds, and this tendency must be overcome by careful
technique. In the cutting of gold-capillary radon
seeds as in glass seeds, unless a principle of cut-
ting "in halves" is followed, there will be unequal
radiation intensity in seeds cut from the same
original radon- filled tube.
Thus homogeneity of the linear source is pro-
bat ly about the same for gold- 198 and cobalt, and
these isotopes are possibly more homogeneous in a
given irradiation batch than are radiujn and radon
samples.
REPRODUCIBILITY IN PREPARATION 0? SEEDS
Jennings and Russ^^ list the following data




12 seeds, 7,5 rntn. long 7.35^ of the mean value
containing 3.0 mc, each
16 seeds, 5.5 rarn. long 9.0^
containing 1.5 mc . each
10 seeds, 5.0 rnii. long 16.0^
containing 3,0 mc. each
However, in making their computations, Jennings and
Russ use "large sample" statistical theory. They
advance as a reason for doing this that, "we are here
concerned with the deviations about a mean value
v/hich, though arbitrary, corresponds to the 'true
value', for there is no question of approximating to
some unVnown "real value" for any given set of seeds."
It is believed that such argument is incorrect.
It seems to ignore statistical theory. "^^'"^^ If
statistical deviations obtained on one set of data are
to be used in predicting deviations of another set of
data, correction must be made for the fact that the
measujred value of sample mean probably deviates from
the mean of an infinite set of measurements. By
"small sample" theory '^»'^^ such a correction may be
made by multiplying the tabulated results above by
the factor, yn/ri-l, where n is the number of measure-
ments made.
Radon seeds vary in reproducibility by two fac-
54
tors' in addition to that of length of seed cut,"^^
For comparison with gold-198, it may be imagined that
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in radon the other two factors are constant and all
variatioii is in length of seed. Corrected to small
sariple theory and expressed in terms of length of
seed, Jennings and I^uss's results become.
Sample Standard Deviation
12 seeds, 7,5 mm, 0.60 ram,
16 seeds, 5.5 mr-
.
0,53 mn.
10 seeds, 5.0 rai U.89 ram.
By statistics theory "^^j the unbiased prediction
of standard deviation of radon seeds on the basis of
the above values is given by.
Standard a
Levi at ion i
12(0.60)''^/ 16(0,55)^ / 10(u.89)^
12 / Ic / 10 - 3
n.
,o\) mi."..
As described in Appendix IV, several sets of
measurements of gold seeds for reproducibility were
made. Computed in the sane manner, results of Appen-
dix IV and of the above shov/ that for any length seed
the standard deviation In length (or activity) cut is
Gold-198 0.178 rari.
Radon 0.692 ram.
70Probable error is generally computed by mul-
tiplying standard deviation by 0.67, Expressed in
percent cire of length cut, the probable error of
cutting is shown in Table XV.
(It should be noted here that had "large sam-
ple" statistics been used, the results in Table XV




PROBABLE ERROR IN CUTTING SEELS




Gold seeds may be cut to any desired length.
This pernits cutting seeds accurately to fit the di-
mensions of individual tumors. This is not generally
feasible v/ith radium and radon applicators; but it
may be done with cobalt, and it may be done with
radon.
The cutting of seeds to the dimensions of a
tumor v/ill permit a more even radiation field to be
applied to the tumor. For example, consider a linear
source three centimeters long. It is obvious that
the isocose lines around such a source v/ill be more
constant and more parallel to the source if the linear
source consists of a tiiree-centimeter seed, than if
it consists of six five-millimeter seeds, or particu-
larly, if it consists of a seed chain of five or less
seeds separated by spacers.
If desired, gold seeds may be used in seed chains,
flO
hov/ever. Such a technique as given by Morton _et al
is directly applicable to gold-198 seeds.
Gold seeds mey be bent into any desired shape
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with relative ease. This v/ould permit, for example,
<
the sev;lng of a plastic tube carrying the gold- 198
seeds in the Irnnen directly into the interstitial
site using a curved surgeon's needle. For surface
mould applicators gold-198 seeds could be bent as
desired to fit the mould.
Crold-198 maj" be used in either seeds or
needles. Although the present studies v/ere concerned
primarily v/ith seeds, adaptation of the techniques
developed to the production of needles could be made
by a number of methods. For example, a short length
of gold tubing h;:ving an "eye" at one end could oe
crimped over one end of the gold seed. Or tlie use




VI. PHYSICAL EXPERIMENTS PERFORMED
PREPAIUriON OP GOLD SEEDS
The initial problem to be solved in this project
was the method of preparation of radioactive gold
seeds. The method finally to be used was required to
meet the followinf^ criteria! simplicity, cheapness,
low radiation dosage to the worker, biological inert-
ness of the seeds, effective "shielding out" of the
beta radiation with minimum absorption of gaimna
radiation, and reproducibility of results in tne
amount of radiation per seed.
My advisor. Professor Myers, had previously con-
sidered the problem and had previously obtained the
following equipment: lengths of gold tubing of 15
mils inside diameter, 52 mils outside diaineter, and 10
inches in length, a spool of gold wire of 7 mil dia-
meter, and a device shown in Figure 8. I shall term
this apparatus a "feeding device".
This feeding device is constructed of a brass
cylinder of 4 inches diameter filled with lead with a
0.5 inch diameter hole drilled through its center.
Inside the outer cylinaer is located a brass cylinder
cut in half lengthwise and held in place with set
screv/s. The inner cylinder has a hole of 1/8 inch
diameter drilled through its center. At one end of
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hinged that the microneter plunger may be locVed in line
with the center hole of the inner cylinder or may be
swung clear of the centerline hole.
The design envisioned the feeding forward of a
gold seed from the unencumbered end of the feeding de-
vice by advancing the plunger of the micrometer. A
cutting device used reproducibly would then cut the
seed. Reproducibility would be limited by the micro-
meter accuracy, 10 cm., and by the reproducibility
of cutting. The cylinder provides adequate shielding.
With the above material available, the first
tasV was to find a cutting point which would (1) cut
the golo seed and (2) seal both ends of the tubing so
cut with non-radioactive gold. The literature v/as
searched uncer likely topics ("cutting tools", "radon
seeds, preparation of," etc.) in all available publi-
cations to be found in the Ohio State University
libraries; nothing was found having direct bearing on
the problem. Included in the material scanned v/as
the U. S. Patent files. Next Professor James 0.
Lord of the Ohio State University Metallurgy Lepart-
ment was consulted. There seems to be no previous
experience with cutting a tube, "A", enclosing a wire,
"B", "A" and "B" having identical metallurgical pro-
perties, so thst at the completion of a single cut-
ting operation "B" is completely covered by material
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from "A". Since theory seems to give no answer to
the problem of selecting a cutting j)oint, a "cut-and-
try" approach v/as finally adopted. The result proved
to be a pair of Utica six-inch side cutting pliers
No. 1950 described here.
PREPARATION OF IRRADIATION SAMPLE
Having obtained authority from the Atomic Energy
Commission to have irradiations performed at the Oak
Ridge pile, samples for irradiation were prepared as
follows: Seven mil gold wire was carefully straighten-
ed to remove all kinks anc bends. The wire v/as placed
on a metric rule and 6 cm. lengths were cut. Six
centimeters was chosen as a convenient size with which
to worv, but it is not a limiting length. The lengths
of v/ire v/ere then washed with acetone and v;eighed to
one-tenth milligram. The interior of the aluminum
irradiation can was scrubbed with acetone using cot-
ton and a glsss rod, rinsed with acetone, the gold
wire was scrubbed with acetone then placed inside the
irradiation can. The irradiation csn wes then sealed
with "Scotch tope" and was paci-ed and nailed to Oak
Ridge.
Samples to be Irradiated were sent at least one
week in sdvsnce of anticipated need. Irradiation of
all samples (e?:cept one) was the standard one- week
irradiation listed in the Isotopes Division, Atomic
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Energy CorLmission, Catalog Item No. 30A. One shipment
received five days irradiation. Nine sample irradia-
tions were made.
LOADING TITE SEEDS
The irradiated wire was loaded into the inert
pro Id tubing as follows: Lengths of 6.1 cm. tubing
were cut with the cutting pliers to be desciibed
later. Each tube was cut with one end sealed and one
end open. The extra 0.1 cm. was added to tJie length
of tubing to allow for a reduction in length of the
open 3p£-.C9 inside the tube when the closed end of the
tube was cut. Using a safety pin tiie open end of the
tubing was v/orT-ed into a small ilinnel of about 50
nils diameter and about 0.1 cm. in depth to facili-
tate loading.
Tile tube was then ;, laced in the lead shield so
as to protrude slightly from the cutting end of the
feeaiup mecha..lsm, c spot-llgnt was placed on the
funnel for illur.lnation, and the gold v/ire was
loaaed into the tubing by sliding it in with the
tweezers .ihov-n in Fifrjjo 6. The wire can ear.ily be
pushed into thn tubing. The funnel u.l cm. long
was snipped off, sealing the end of the preparation.
In all worv involved in loading the tubes the
radioactive wire was handled with the tweezers
mentioned above. They give one foot of inverse
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square protection. Contairxlnati on of the tv/eezers
resulting from direct contact with the radioactive
v/ire vms negligible. V/hen working v/ith exposed beta
radif<tion unleaded rubber gloves and a lucite face
shield v/ere v;orn for protection. In work ir.volving
only gainrna hazard neither gloves nor face shield
were worn because of the feeling that such shielding
v/ould intensi:;'y dosage. In all loading operations a
standard poc*''-et dosimeter was v.'orn under the face
shield at the level of the forehead. The maximum
GO sage recorded in any one day of loading seeds (five
G-cn. lengths v/cre loaded^ v/a.i 16 :ir. V.'ich ]>ractice
it was found that a 6 cm* radioactive wire could be
loaded into the gold tubing beta shield at ari average
time of less thrai 20 seconds.
TESTS FOR BEST CUTTINO POINT
Three pairs of Utica giant diagonal cutting
pliers. No. 40, were machined to different angles at
the cutting edge: a very small angle, a medium one,
and a large angle of about 50°. Because it was avail-
able a standard Utlca six-inch side cutting pliers.
No. 1950, was used without modification. Several
radioactive seeds were cut with each pair of pliers.
The seeds v/ere then used to make autoradiographs to
determine their radiation fields. Very short-time
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exposures were made and developed under the follow-
ing conditions:
Plates: Kodak Lantern Slide Contrast Anti-
abrasion.
Developer: Kodak L-19 for 4 minutes.
Agitation: Hand.
Wash: Dilute acetic acid for 15 seconds.
Fix: Kodak F-5 for 10 minutes.
Rinse: 1 hour.
Temperatures: Laboratory (about 20°C
)
Exposures were made using Wratten Safelight Series I
filter for illumination.
Results showed clearly that (a) there is much
more dense photographic blackening near the ends of
the seeds than at similar distances from the sides
of the seeds, and (b) that the seeds cut with the
Utica six-inch side cutting pliers. No. 1950, had
much less area and density of blackening at the ends
of the seeds than those cut with the other three
pliers. Figure 11, page 91, shows two seeds with
unshielded radioactive wire protruding and three
seeds cut with the Utica pliers, No. 1950.
It was concluded: (1) that there is a very
small amount of exposed wire at the ends of all cuts,
and a region where the shield is too thin to absorb
all of the betas emitted, and (2) that the Utica
side-cutting pliers. No. 1950, are the most efficient
for the purpose at hand.
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Possibility of obtaining complete closing of the
cuts with non-radioactive gold v/as investigated using
thicker tubing. Seeds v/ere made using gold tubing of
about 50 mils inside diameter and 100 rails outside
diameter. Photographic blackening at the ends of
these seeds v/as found to be increased,
ESTIMATE OP STREIJGTH OF BETA LEAKAGE
For completeness this section is included here,
Knowing v/ell the limitations of photographic methods
for quantitative work, particularly vdth the elementary
developing equipment available, the results of this
section are of an "order-of-magnltude-value" only.
Because of its short range and intense ioniza-
tion in that range as compared to gamma radiation,
beta radiation tends to cause tissue necrosis to a
much greater degree than does gamma radiation. Accept-
ing that it was not feasible to continue efforts to
eliminate all beta leakage from the ends of the needles
as cut, attempts were made to study quantitatively the
relative amounts of such beta leakage.
Such an analysis with the aid of comparative
measurements of photographic density using phosphorus-
32 as a calibrating standard and a recording densito-
meter for measurements was made. Effective ionization
in tissue at the point of maximum beta leakage was then
compared with the theoretical ionization produced by
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gamma radiation at the surface of the needle.
The procedure and calculations used are detailed
in Appendix II, The rough value obtained Is that
there is 2500 times as much energy absorption in the
area of most intense beta leakage at the ends of the
needles as there is energy absorption from gamma at
the surface of the needles. However, such beta leak-
age is totally absorbed in about 0.36 cm. of tissue;
and 50% of such leakage is absorbed in 0.08 cm. of
tissue.
Consideration of the problem from the therapeutic
viewpoint, moreover, shows that in the use of radio-
active seed implants, the tissue dose for areas
immediately adjacent to the needle will be greatly in
excess of tolerance from gamma radiation alone, chiefly
due to inverse square considerations. Wilson"*" states,
in describing a measuring device, " . . satisfactory
measurements may be maae as close as 8 mm. to a
radium source, and Parker has pointed out that the
dosage-rate very close to radium sources is seldom of
any great interest, since it is inevitable that the
values existing must greatly exceed those regarded as
'the dosage value' for a radium implant," Approximate-
ly 20 gold seeds were examined with the Leeds and
Northrup recording densitometer (See Appendix II).
Measurements were made on paths over needle images
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lengthwise and traverse across the center. In all
observed films the point of maximum beta leakage photo-
graphic blacVening was less than 0.2 cm. from the end
of the needle. I^rthermore, the area of beta lealrage
is an area of weakest gamma fl-ax--at the ends of the
seed3--whlch e:xtends the effective area of treatment.
It is concluded, therefore, that: (1) Energy
absorption from beta leakage from the ends of the
seeds at the points of cutting the seeds will cause
tissue necrosis in a volume of about 0.2 x 0.2 x 0,2
cm, (2) Although this necrosis is undesirable. It is
of little importance in the therapeutic problem,
CALIBRATION OF CORRECTION FACTOR IN CUTTINGr
The cutting point of the pliers is inset from the
flat edge of those pliers r.bout one millimeter.
Furthermore, some elongation occurs when the seed is
cut. To cut a seed of given length, therefore, a
correction factor must be added to the distance the
seed is projected outward hj the micrometer.
For reproducibility in cutting the follov/ing
procedure was used throughout this investigation.
The gold tubing to be cut was placed in the end of
the feeding device opposite to the end to which the
micrometer is attached. A spring steel plunger of
appropriate length v/as placed in through the end to
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which the micrometer Is attached. A flat surface was
placed over the end of the hole at the center of the
feeding device, and the steel plunger was then pushed
forward by hand until the gold tubing was pushed
flush against the flat surface. Thus the gold tubing
was at the end of the feeding mechanism opposite to
that of the micrometer, but did not protrude. A
bacVground of white paper and a spotlight were so
arranged that one looked past the protruding end of
the steel plunger Into a white background of reflected
light. Wearing a Jeweler's headpiece for magnifica-
tion, one then advanced the micrometer plunger
until diffraction patterns made It appear that the
steel plunger and the micrometer arm were In contact.
The micrometer was then advanced the distance of
the length of the desired seed plus the distance of
a correction factor. The protruding end of the gold
tubing was pushed backward lightly to assure absence
of slippage. Then the cutting pliers were opened,
were placed flat against the end of the feeding
mechanism without touching the gold wire; then the
pliers were firmly closed to cut the wire.
With a small amount of practice, the operation
described above takes about 30 seconds. There Is
negligible radiation exposure except when putting
the seed to be cut into the feeding mechanism and
when actually cutting the seed.
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An approximate calibration of the cutting factor
was made before receiving radioactive samples by cut-
ting empty gold seeds with various micrometer settings.
The seeds were weighed to 0.1 mg., the seed weight was
corrected to length with the manufacturer's dimensions
of the seed and the specific gravity of gold, and
seed length versus micrometer setting was plotted.
The curve was linear down to about 0,35 cm., but below
this value there was an upward inflection which was
probably due to elongation of the seeds due to the
process of cutting, and which resulted in additional
weight of gold being added to a given seed. Extrapo-
lation of the straight part of the curve to zero gave
an approximate correction factor of 0.25 cm. This
value was added to distance the micrometer was advan-
ced until it became possible to obtain more accurate
calibration using radioactive means. Upon obtaining
more accurate calibration all computations made by
using the preliminary correction factor were corrected
appropriately.
Upon the availability of radioactive samples
the correction factor was recalibrated. Data is
given in Appendix III. Results are shown in Figure
9, Results were corrected for background, for shield-
ing, and for radioactive decay during the period of






MEASUREMENTS OP ISODOSE LINES ABOUT AN AU-198 SEED
A mercury- float water phantom to be used with a
Geiger-Muller tube of very small dimensions was de-
signed and constructed, but time did not permit an
opportunity to use it. The equipment enables measure-
ment In three dimensions as shielded by water.
Measurements may be made in approximately 4 cm. in
any direction. A glass cylinder was mounted on a
plastic base with holes for bottom feed of mercury
into the cylinder. A plastic float rests on the
mercury and supports the radioactive saa^le. Water
is placed above the float and spills over the side of
the cylinder as the level of mercury is raised. The
G. M. tube is permanently placed at the water level
at the center of the top of the glass cylinder.
Vertical displacement is governed by the amount of
mercury eitering the bottcMn of a cylinder from a
bottom-filled pipette. Two-dimensional horizontal
motion of the radioactive source is possible by a
plastic arm sliding in a groove in the plastic ana.
The radioactive source is placed on this latter
plastic square. Accuracy of placement would be
0.1 cm. in each horizontal direction (measured by
metric scales placed in the respective grooves)
and about 0.001 cm. in the vertical direction.
It was intended to correlate findings with the
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above equipment with findings using photometric
means and the recording densitometer. However, it
was deemed more important to carry out the biologi-
cal phase of the research. A long-time exposuj»e
of a 2.8 cm. needle is shown in Figure 10.
CALIBRATION OF ACTIVITY OF
IRRADIATION SAMPLES
It was decided to express gold- 198 source
strength in terms of curies since much of the litera-
ture expresses radiation sources in terms of this
unit. Accordingly, for the first two shipments of
Isotope a known length of gold-198 seed was calibra-
ted against a known shielded radium source. A brass-
wall Oelger-Muller tube and an Auto scaler were used.
From photostated curves from the literature the
source of which is not known, it was estimated that
the counter efficiency for gold-198 gamma is 0.02
and that for radium gamma is 0.05. Results showed
an activity in the gold-198 needles of about 29 mc/
cm. for the first shipment and about 39 mc/cm. for
the second shipment, both readings being extrapo-
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FIGURE 11— Short-Time Exposure of Three Standard




lated to the time the samples were removed from the
pile.
The above measurements were made with care and
with small statistical errors, but accuracy is ex-
tremely limited due to the unknown true correction
factor for tube efficiency for the various gamma
energies involved.
None of the radioactive material of the first
two shipments was used in a manner requiring an
absolute calibration of activity.
After receipt of the second sample it was
decided to use the unit, mrhm, proposed by Evans^".
Subsequent samples were so calibrated. Details of
such calibration are listed in Appendix VI.
In general, the method finally used for sample
calibration was the measurement of energy absorption
with an aluminum-wall quartz- fiber electroscope. A
known length of gold- 198 seed was calibrated against
a radium source (shielded by 0.5 ram. of platinum)
previously calibrated by the Bureau of Standards.
Originally it was planned to determine the decay rate
of the electroscope with a sample of golQ-198, the
strength of which was certified by the National
Bureau of Standards in mrhm; and then to make future
calibrations with the same electroscope, the same
radium source, the same geometry, and a correction
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factor based upon the Bureau of Standards' calibration
of the original seed. However, the Bureau of Stan-
dards was unable or unwilling to perform such a
calibration.®^
As a result, although all calibrations were made
with reproducible geometry and with a dependable
instrument, values obtained are subject to an undeter-
mined error.
The following factors tend to make the computed
activity of gold- 198 too larget
(1) More energy is scattered into the electro-
scope by Compton scattering from walls, ceiling,
floor, etc., for gold- 198 gamma than for radium gamma.
(2) More energy is scattered into the electro-
scope sensitive volume from instrument walls for
goId-198 than for radium.
(3) The range of recoil electrons formed in the
sensitive volume of the electroscope is less for
gold-198 gamma than for radium gamma. Therefore,
more energy of gold-198 electrons will be absorbed
in the sensitive volume,
(4) The absorption coefficient in aluminum is
about 0.002 cm^/gm. larger for gold-198 gamma than
for radium. Therefore, more electrons will be formed
in the electroscope walls for gold.
The following factors tend to make the computed
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value of gold-198 radiation strength too small:
(1) Thickness of the aluminum wall of the
electroscope is about 135 mg/cm^. Range of 0.411
recoil electrons in aluminum is about 130 mg/cm^.
Range of representative energies of radium gamma
recoil electrons fire 0.8 Mev., 360 mg/cm^; 1.2
Mev., 530 mg/cm^; 1.8 Mev,, 860 rag/cm^. Thus,
more of the radl\;im recoil electrons formed in the
electroscope wall will escape into the sensitive
volume of the instrument. It is pertinent that an
appreciable percentage of the recoil electron
energy is dissipated near the end of its path,
which tends to lessen the effect of path length in
aluminum. Nevertheless, this effect whereby more
of the radium recoil electrons than gold-198
recoil electrons escape into the electroscope is
probably the largest quantitative effect.
(2) There is a shielding effect of the
electroscope walls for the sensitive volume of
the electroscope. A smaller percentage of gold-
198 energy will be transmitted into the electro-
scope, therefore, than will radium energy.
It is difficult to estimate the relative effects
of the above factors. It is pertinent, however,
that a later worker, should he obtain an accurate
calibration of gold-198 needles by the method first
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proposed, could correct the results given here to
a true value.
VII. BIOLOGICAL EXPERirffiNTS
In order to show that gold- 198 seeds actually
will cure cancer and to make a preliminary study of
dosage levels at which cures of various types of
tumors are effected using this isotope, a series of
experiments were carried out upon mice.
The animals used were of strains: GPVV, C3H, A,
and ABC. Respectively they were inoculated with
Sarcoma-37, C3HBA-Adenocarcinoma, Lymphosarcoma, and
Mammary Gland Carcinoma-15091a. At all times prior
to Implantation with radioactive seeds the mice were
V-ept in wire mesh cages and fed Purina dog chow.
Following implantation and until sacrifice the mice
were kept in individual pens constructed from wide-
mouth quart Mason jars with gravity water feed; and
each mouse was shielded from scatter radiation from
other mice vd.th either lead or steel brick shielding.
The maximum intensity in any one pen from scattered
radiation from other pens, as measured with a Cutie
Pie, was 55 mr per hour; but in general the pens




To enable computation of radiation dosage, the
general plan of Slevert as discussed by Jennings and
Russ^^, Vi/ilsnn^Q, and others was followed. However,
for more accurate computations there was Included a
term In the computations (not included In simlllar
computations for radium in the above references) to
correct for tissue absorption, since it was found
that this correction is significant.
As in Jennings and Russ ^, a dosage diagram was
prepared. The theory upon which such diagram is
based, computational data, the dosage diagram itself,
and the method of using the diagram are explained in
full in Appendix VII.
It should be noted that the diagram does not
include a correction terra for absorbed Compton
scatter. The Manchester system of dosage"^ does not
correct for such absorption nor is it allowed for in
the curves of Jennings and Russ for radium and radon.
Any correction one might add would be only an approxi-
mation and it is desirable to keep the dosage diagram
as free from approximations as possible. Such
approximations as are necessary may be made after
using the diagram. It is believed that the dosage
diagram in Appendix VII is the first one of its type
which corrects for tissue absorption of radiation,
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For ease of computation of dose delivered. It was
decided to make all Implantations in the form of
rectangles (as squares, where possible). To eliminate
the time factor In dosage, all Implantations were
left In situ for exactly nine days— during which
time gold- 198 decays to one-tenth of its initial
activity. All dosage computations were made on the
dosage diagram and were made with respect to the
weakest portion of the radiation field—which was
located at the center of the rectangle of seeds.
In making implantations of the radiation seeds,
the mice were anesthesized with ether, then tied on
a work board with each leg held by a string pulled
taut. Calipers were used an aid in determining the
desired positions of seeds. The gold seeds were
loaded into a simple trocar with a long hemostat.
It was found that, by sharpening the trocar before
each use and by pulling up thesikin of the mouse with
the hemostat aligned so that the gripping edge of
the hemostat was perpendicular to the line of
insertion, insertion of the trocar into the desired
position was relatively easy.
An x-ray negative of Mouse No, 33, taken at
random from the pens of mice undergoing treatment,
is shown in Figure 12. The picture was taken two
days following implantation of the seeds. For the
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exposiire, tube settings were 16 ma. and 54 K.V., with
fsd. of 30 inches, a non- Intensifying screen (card-
bO€ird backing), and an exposure time of 1 second.
Two Independent criteria were taken for "cures"
of tumors: histological studies, and the ability of
the treated txunor to grow upon reimplantation into
other mice. The second criterion was suggested by
Professor A. Towbin of the Department of Pathology,
Ohio State University. Mice were sacrificed in an
ether chamber. The skin of each mouse was carefully
removed with the subcutaneous tumors attached and un-
disturbed, (In no cases treated had the tumor invaded
body cavities.) Radioactive seeds were left in
place in the tumors. Using surgical scissors a
portion of the center of the treated tumor of about
0.3 X 0.3 cm. cross-section area was removed for
Implantation. The remainder of the tumor and the
skin were immersed in 10?^ formalin, left behind
shielding four weeks for 99.9^ of the gold-198
activity to die out, then were taken for histologi-
c al study
.
Each of the above tumor fragments were re-
inoculated bilaterally into three mice, giving a
total of six sites of possible growth. The
method of inoculation was that used in the labora-
tory of Doctor Myers. The tumor tissue was dropped
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into a test-tube containing a small amount of sterile
silica sand. A sterile glass plunger was used to
mince the tissue. About two cc. of sterile isotonic
saline solution was added, and the test-tube was
agitated until tumor fragments were in suspension.
A sterile No. 22 gauge hypodermic needle with a
tuberculin syringe were used to make the reinocula-
tions. Mice to be reinoculated were of the same
strain as the mouse in which the tumor had been
irradiated, and the three mice reinoculated in each
case had not been previously inoculated with any form
of ttimor.
The above method of inoculation has given \5etter
than 80^ takes in the case of Lymphosarcoma in A- strain
mice and better than 95^ takes in case of the other
three strains and tumors used. These figures are
for the reinooulation of non-irradiated ttunors.
Histological studies are being made by Doctor A,
Towbin, Assistant Professor of the Department of
Pathology, The Ohio State University. Results will
not be completed in time to be included herein.
In addition to the mice listed in Tables XVI
and XVII below, untreated control mice inoculated
with the same tumors and at the same times as the
irradiated mice were killed at approximately the same




Results of the relnoculation experiment are
shown in Table XVI. Tiimor nieas\u»ements listed were
made with calipers used externally on the mouse to
an accuracy of about 2^ 0«1 cm. Disposition of other
mice is shovm in Table XVII.
Interpretation of the results of Table XVI
depends upon the accuracy of the method. Following
are possible sources of error.
(1) The tumors were measured with calipers and
the estimated accuracy of such measurements is 0.1
cm. For each dimension of the tumor measured, 0.1
cm. would make a difference of about £^ 20/^ in the
value obtained from the dosage diagram of Appendix
VII for the radiation dosage to the center of the
tumor. Therefore, because there are two dimensions
involved, the probable error In radiation delivered
due to measurement of tumor size at implant is
(20$!^//^) about 145^.
(2) Entry into the dosage diagram was made to
an accuracy of
^^
10 r for most of the dimensions
involved. This reading was multiplied by four to
give the reading for two seeds parallel in the field.
Thus the error for two seeds was 2^ 40 r. For the
four seeds of a field the error due to reading
the dosage diagram was (40//^ =) 28 r.
-loe -
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1-6 CFW, C3H, A Used to establish technique.
8 CFV/ Lied on 5th treatment day; tumor not
grossly observable; gross evidence of
radiation damage to liver and sVin;
accumulated dose at death, about 4500
r over area of 2.1 x 2.0 cm.
Lied under anesthetic at implantation.
Lied under anesthetic at implantation.
Lied on 1st treatment day; accumulated
dosage, about 1100 r over area 0.8 x
1.2 cm.
25 G3H Lied on 8th treatment day; untreated
tumor had invaded peritoneum; accumu-
lated dosage, about 3400 r over area
1.6 X 1.3 cm.
40 ABC Not treated.
41 ABC Not treated,
42 A Lied 5th treatment day; water bottle
not operating, and mouse very emanc la-
ted looking. Heavy urea stains
around genitals. Accumulated dosage,
about 4000 r over area 1.9 x 1.5 cm,
47 A Lied 9th treatment day; no tiomor tissue
grossly observable. Gross evidence
of radiation burn to subcutaneous
tissue. Accumulated dose at death,
about 4000 r over area 1.5 x 1.3 cm.
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(3) By extreme care, construction of the dosage
diagram was made to an accuracy of better than 20 r
In most of the area of the diagram used in the
experiments.
(4) Probable error in cutting seeds has been
shown elsewhere to b el. 2^ for 1.0 cm. seeds. This
gives a probable error of about 0.6^ for four seeds.
(5) Implantation was done with great care. The
implant shown in Figure 12 was taken at random from
treated mice, and although it may have been an ex-
ceptional case, it does show a good seed distribu-
tion. There were come cases in which seeds were
found at sacrifice to be dislodged or even free from
the mouse, but there is a good probability that such
seeds moved following tumor regression after an
appreciable percentage of dose had been delivered.
In most cases the seeds were planted in rectangular
form tangent to the tumor on all sides. In some
cases, where the tumor was so large as to require
an undesirable whole-body dose for treatment, the
whole tumor mass was not treated. Seeds were
placed tangentlally to the tumor on three sides
and the foiirth seed was inserted through the tumor
mass with its position governed by calipers used
as the fourth seed was inserted. It is believed
the accuracy of initial placement was ^^ 0.1 cm.
- 106 -

FIGURE 12--X-ray Negative of Mouse No. 33 with
Gold-198 Seeds In Situ.
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This would mean that for one needle, the probable error
due to interstitial site is £ 20^; for four needles,
(20//4 •) about 10^,
Davies^ states that if X « ax]^ £ bx2 / cx^ . .,
where x^, X2# • . are independent variables and a, b,
. . are constants, then the standard deviation of X
is given by
y(asi)2 / (bs2)2 . .
where s^, Sg, . . are the respective estimates of
standard deviations of the independent variables.
Probable error is obtained by multiplying stan-
dard deviation by a constant, so the above expression
stated in tenns of probable error may be used to
find probable error.
The five errors above are errors of technique.
The critical value in thf ae experiments for tumor
regression seems to be around 2000 r. Assume a
seed 1.2 cm. long located 0.7 cm. from the center
of the tumor. For these conditions, the probable
error due to technique becomes,
^{.14)2 / (28/2000)2 / (20/2000)2 / (.006)2 / (.10)^
17.35^.
It is assumed, therefore, that the error in
radiation field due to technique is £^ 20?^.




(6) In reinjecting treated tumors into mice, the
tumors were minced and suspended in isotonic saline
to make a broth of minute tumor tissue fragments.
To cure a cancer, every tumor cell must be destroyed.
However, in the process of mincing the tumor and In-
jecting it into the growth sites, the few viable
cells present in the mass of tumor used may have been
destroyed. No way is obvious to estimate this error,
but it will tend to increase the value of dosage at
which cures are obtained.
(7) Individual tumors of the same origin may
vary in different mice in susceptibility to radiation
treatment. For extraneous reasons, it was also
necessary to use mice in^jlanted from two animals in
the CFW- and C5H- series of experiments. This dif-
ference in origin and difference in susceptibility
between different tumors of the same origin may
have caused a wider fluctuation of statistical
results.
(8) In inoculating mice with tumors, some
difficulty is encountered in securing "takes" of
the implanted tumors. The difficulty may be due
to an inherited resistance to tumor growth in the
animal or it may be due to technique. To show
that the lack of "takes" in the above experiments
was not due to an inherited resistivity, all
- 1 9 -
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animals which did not give tumor growth in the
above experiments have been reinoculated with the
proper untreated tumor. Results will not be
available for inclusion in this thesis. The
technique used was the same as that used by
assisteints in Doctor Myers' laboratory, and the
first relnoculatlons were carefully supervised by
them until the technique had been mastered. Mr,
A. D. Imhof, who performs most tumor Inoculations
in the laboratory, states that for lymphosarcoma
in A- strain mice the percentage "takes" is better
than eO%, and that it is much better than 95^ for
the other strains and tumors used. With six
sites, the probability that any one reinoculation
of viable tumor would not "take" is 20^ for lympho-
sarcoma and 5% for the others. The probability
that none of viable tumors inoculated into six
sites would grow Is ((.20)® «) 0.0064$^ for lympho-
sarcoma and ((,05)^ =) about 0.0000016^ for the
other ttimors*
(9) There is some deviation of radiation
field strength over the treated areas of seed im-
plants. Such variation is generally taken as about
£ \0%t and any variation here will be an increase
in dosage. However, such variation will be rela-
tively unimportant here, because the tissue
- 110 -
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reimplanted was taken from the center of the radia-
tion field, and calculations were made for the
center of the field.
(10) In constructing the dosage diagram of
Appendix VII no correction was made for energy
absorbed from Compton scattered photons. There-
fore, the dosages listed In Table XVI sire some-
what lower than the true value.
(11) Finally, the calibration of strength of
Irradiation seeds In mrhm Is In doubt. This point
Is discussed elsewhere. Callbretlon error will
mean that the dosage values listed In Table XVI
must be multiplied by a correction factor.
CONCLUSIONS FROM BIOLOGICAL EXPERIMENTS
It is estimated that the cancerocldal dosages
are as follows:
Tumor Cancerocldal Lose
Lymphosarcoma Below 800 £ 200 r.
3arcoma-37 2600 £ 520 r.
Adenocarclnoma-C3HBA 3600 £ 720 r.
Mammary Gland Carcinoma- 15091a 4200 £ 800 r.
To these estimates must be added the corrections for




VIII. SUMMARY AND CONCLUSIONS
The literature has been reviewed for the
physical properties of gold-198. Contemporary
opinion Is that It decays with a simple beta spec-
trum of maximum energy 0.970 Mev. to an excited
state of mercury- 198, followed by a single, 0.411
Mev., gamma emission to the ground state of mercury*
198, a stable Isotope. The half-life of such
decay Is 2.7 days.
A method of preparation of gold-198 seeds for
Interstitial Implants Is described. It Is shown
that the radiation from such seeds Is approximately
935^ 0.411 Mev. gamma rays.
Slevert»s Integral, with an additional factor
for tissue absorption of energy, has been evaluated
for the energy of gold-198 gamma. With these data
a tissue dosage calculator diagram for gold-198
seeds has been prepared.
An original method of estimating Compton
scattering effect on tissue dosage has been shown.
The method Involves numerical integration of the
Fleln-Nlshlna scattering equation and calculation
of such scattered energy absorbed at various






Biological experiments performed on mice show
that for nine-day seed implants the following
dosages approximate the cancerocldal dosages of the
tumors treated:
Lymphosarcoma Below 800 £ 200 r.
Sarcoma-37 2600 £ 520 r.
Adenocarclnoma-G3HBA 3600 £ 720 r.
Mammary Gland Carcinoma- 15091a 4200 £ 800 r.
However, these values are subject to errors not
compensated for.
The following advantages are shown for gold-198
'in cancer therapy:
(1) Preparation of seeds used in this research
was simple, inexpensive, and expeditious; and the
seeds were prepared uniformly with a probable error
of 1.2^ for a 1.0 cm. seed.
(2) Preparation of the seeds required relatively
small radiation exposure to the worker.
(3) Gold seeds may be cut to any desired
length. Thus they may be tailored to the dimensions
of Individual tumors.
(4) The seeds may be bent into desired shapes
with relative ease. Thus, for example, seeds may be
placed in hollow plastic tubing and sewn in place
using a curved needle; or the seeds could be bent
into the shape required for a mould applicator.
- 113 -
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(5) There are no toxic effects concerned with
use of the seeds,
(6) Gold-198, imlike radon, decays with no
residual activity. Therefore, there is no danger
due to leakage in the use of gold seeds left in
situ permanently. This is not true for radon.
(7) As well as in the form of seeds with which
this thesis has been primarily concerned, it
should be feasible to use gold-198 in the form of
needles and mould applicators.
(8) The activity of the irradiated wire is
ample for cancer therapy:
(a) The activity of a shipment of gold-198,
at time of shipment, is equivalent to 144 curie-hours
of radium.
(b) The specific activity of irradiated
gold wire 7 mils in diameter (about six mrhm/cm at
time of shipment) is equivalent to about 3.6 mc/cm
of radium left in situ for seven days. Increasing
gold wire diameter to 10 mils would increase this
equivalent specific activity to about 7.2 mc/cm of
radium in a seven-day implantation.
(i3) The gamma ray emission from the seeds is
essentially monoenergetic in character. This
homogeneity simplifies dosage calculations.
(9) The strength of seeds in mrhm/cm. may be
- 114 -
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varied by utilization of radioactive decay.
(10) Because of the operation of a recovery fac-
tor in treatments of tumors with extended periods of
time, and because of the shorter half-life of
gold-198. It will take about &% less gold-198
radiation energy to produce the same biological
effect as radon energy. For a given treatment
time, the cumulative effect of dosage will probably
be the same for gold-198 as for radium and cobalt-
60, but this has not been experimentally verified.
(11) Gold-198 may cause less bone damage per
unit tissue damage than does radium or radon.
However, this has not yet been conclusively
shown.
(12) Due to higher density of ions following
absorption of gamma rays of gold-198 than following
absorption of gamma rays of radium or cobalt-60,
the biological efficiency of gold-198 gamma may be
larger for a given unit energy absorption.
(13) Due to different absorption coefficients
and to different amounts of Compton scattered
photons:
(a) Of the total energy given off by a
seed 11.0$^ more gold-198 energy is absorbed within
2 cm. of an interstitial seed than that of radium




for cobalt-60 radiation. '
(b) For otherwise similar multiple- seed
implants, gold-198 will have "high" spots and "low"
spots in its radiation field 7.3^ different from
the mean value; whereas the figure for radium,
radon, and cobalt-60 is 10^^.
(c) Sub-paragraphs (a) and (b) above may
be interpreted to mean that gold-198 has a therapeu-
tic ratio at least 13«75^ greater than radium and at
least 14.75^ greater than cobalt-60.
(d) The values in sub-paragraph (c) ajre
probably low.
Paterson"*^ (1949) states,
"In conclusion, therefore, it is well worth
emphasis that, from whatever source it comes, dis-
covery of any method whereby even a twenty per
cent absolute improvement of therapeutic ratio was
obtained would represent a major advance, particu-
larly in the treatment of the common tumours of
limited sensitivity, and would repay all the
efforts expended in its elucidation."
The following disadvantages have been shown for
use of gold-198 in cancer therapy:
(1) The effect of cmnulative dosage. due to
exponentially decaying radioisotopes is not well
documented.
(2) The differential between cancerocidal
dose and normal tissue tolerance dose has been




(3) Unless there is a large number of patients,
shipments of gold- 198 must be ordered for each
patient treated.
(4) In the seeds prepared, there is a small
amount of beta leakage at the ends of the seeds.
However, the volume dosage is such that this is
probably unimportant.
(5) Gold- 198 gamma may cause more bone damage
in proportion to tissue damage than does cobalt-60.
That it does cause such greater damage is not yet
certain.
(6) The additional factor of radiation decay
must be used in dosage computations as with radon,
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HALP-LIFE DETERMINATION OP GOLD-198
A 0,5 cm, seed was prepared of a sample removed
from the pile on March 5, 1951. An P. C, Henson Co,
quartz fiber electroscope. Model 2, No. 124, was
used In the calibration. The electroscope was placed
on the base of a ring stand and the radioactive seed
was placed on sheets of aluminum foil of total thick-
ness 409.5 mg/cm^ at a distance of about 60 cm. from
the ionization chamber of the electroscope. The ring
stand was placed in the center of a laboratory work
bench. The position of the ring stand on the work
bench and the positions of the electroscope, the shield-
ing, and the seed were accurately reproducible. The
electroscope has been in use in the laboratory for
a long period and has been found to be dependable.
Measxirements and computations are as follows:
(1) (2) (3) (4)
Date-Time Time (2.5 to Elapsed Corrected for baok-
7.5) (Average Time ground and norraal-
of 5 readings) ized.
3/6-1516 221.9 sec. 0,000 days 1.000 sec.
3/7-1530 290,6 1.014 .760
3/8-1000 351,3 1,823 .626
3/8-1640 371.1 2.059 .594
3/9-1230 457,7 2.888 ,478
3/13-2230 1371.6 7,315 .161




In obtaining the above times, the time of reading,
column (1), was taken at the midpoint of the time
at which the five readings averaged in column (2)
were taken. Background was measured only one time
in this set of readings, but with this instrument
over a period of several months it was i*ound to be
relatively constant, A shielding correction was
not necessary because of the normalization done in





ESTIMATE OF STRENGTH OP BETA LEAKAGE
Ten seeds of radioactive gold wire were prepared
and autoradlographs of these seeds were made under the
following condit'Lons:
Film: Kodak Lantern Slide Contrast Anti-
abrasion Plates.
Exposure Time: 10 seconds.
Developed: D-19, Lot No. 19M 4570 (New), 3
minutes.
Agitation: None.
Rinsed: Dilute Acetic Acid, 15 seconds.
Fixed: F-5, Lot 21M 477C L1213 (New),
10 minutes.
Washed: 1 hour.
Light: VVratten Safelight, Series 1.
Temperature: Laboratory (20" C).
Exposures were made as noted. The lantern slide plates
were on a flat wooden shelf during exposure.
A shipment of phosphorus-32 was available and
had been calibrated at Oak Ridge as having 5.4 £ .54
mc/ml at 0800, 1/15/51. Prom Yagoda^^, it was decided
to use an activity giving lo"^ particles incident per
cm^ each 30 seconds on the photographic film in
order to have convenient exposure times in making
exposures for calibration curves. For a point source,
therefore, there would be required at 6 cm. from the
source,
(4Tr36)10'^ , r 4.07 mc. of P-32.
30(3.7 X lO^T
The phosphorus was to be used at 1600 on 2/16/51.
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Since the activity at 0800, l/l5, was 5.4 mc/ml,
and since in 32 hours at a half-life of 14.3 days
this activity will decay to 93.7^ of its original
activity, the amount of phosphorus required was,
4.07 = 8.1 ml. of solution.
(.937)(5.4)
This amount was measured out with a microplpette
into a vial of about 1.0 x 1.0 x 5.0 cm. inside
dimensions, and open-mouthed. Exposures were made
under the same conditions as for the gold seeds
with the additional arrangement that for personal
protection the vial of phosphorus was placed in the
center of a lead cylinder of about 3 cm. radius
with an inside length of 6.0
;j£ 0.1 cm open at one
end. Exposures were made of 10, 20, and 30 seconds,
1, 2, 5, 10, 22i, and 50 minutes.
Photographic density was measured on a Leeds
and Northrup Company 6700 P-1 densitometer. Serial
No. 521409, with a Leeds and Northrup Company
"Speedomax" automatic recorder. A plate speed of
5 ram. per minute, asLlt size of 0.6 x 0.1 mm., and
instrument adjustments of "range", 5, "millivolts",
2.7, were used. Zero photographic density calibra-
tion was made in an unexposed portion of the film
being measured, and infinite density was measured
with the source light extinguished. The instrument,
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once adjusted, is fully automatic and is direct read-
ing in units of logxo Tq/I, Iq being the incident light
intensity, I the measured intensity. The automatic
traversing feature of the apparatus was used with the
film oriented so that the traverse would include the
ares^of maximum photographic density.
Calibration curves were plotted on both linear
and semi-log paper. The former is shown in Figure 13.
The results agree fairly well with those of Yagoda^^,
Steinberg and Soloraon^^^ and Cobb and Solomon^^.
Exposures of the phosphorus-32 standard were made
at 1400 on 1/18/51. At the time of exposure, the decay
correction being 0.855, the activity of the phosphorus
source was 3.7 mc. Neglecting self-absorption and
absorption in air, neglecting the scattered radiation
from the walls of the glass container and the more dis-
tant lead shielding (which would compensate for ab-
sorption in a qualitative sense), and neglecting the
geometry of the source and the geometry of the film,
the activity Incident upon the film was:
(5.7)(3.7 X 10'7)(0.695) r 2.1 X 10^ Mev/cmV
4it36 sec.
where 0.695 is the average energy of phosphorus-32
beta particles (Yagoda^^).
Fermi '5^ gives the following equation for energy








-dE = SgelTL [m V^oT
. m 2(2rn72 . 1 /^2)V^ L 2l2(l --^2) ^ ^ '^^
/ (1 -^2)j
where, ^ = number of electron s/cc of path.
T = Relativlstic K. E. of the electron.
I « Average ionization potential of atoms of the
absorber
« (13.5 Z){1.6 X 10-12) ergs.
Z « Atomic number of the absorber.
V Velocity of the electron.
l3
• V/c, c a velocity of light.
Assuming that presence of different atoms in a given
volume affects absorption of electrons only according
to relative numbers of electrons of the different ele-
ments which are present in the given vol\ime, it follows
that the above equation becomes for the photographic
film,
-dE s ?' ^fG fin V^mT - In 2(2Vl^)-l/^2) /(i-^2)]
Hx ^-/ v? L 2Xf{T-^2)
idiere, j a different atoms in the film.
?7^e No. of electrons of jth eleraent/cc of path
m^ « total number of elements in the film.
C a 2n-eym .
Assume it is valid to use the mean energy of the f-32
beta particles, 0.695 Mev. Then,
T s (moc2/yi-^2) « moc^, where mo is the rest
mass of the electron.
Solving for A t get,




lnr(v2mT/2I^2(i -fl2)^ , lnf(2,72 x 10l0)2(9.1 x 10-28)1
-^
/ (0.695)(1.6 X 10-6)
2(15.5)^(1.6 X 10-iy)J=J
J2j2(i . 0.821)
= In (44.6 X 108/Zj2)
In 2(2^1-y»2-l/y32) « 0.288
(1-^2) « 0.179
Since the values of the last two expressions are small
compared to the third expression above, the energy
loss per unit path for h-32 beta particles in film
becomes.
^n.
- ^ = ^ Vf-^ In 44.6 X IqQ
^--/ 7.59 X 1020 Zy'^ a-- j^
Assuming that for gold-198, one-third of the energy
of the maximum beta particle energy may be used, and
performing the operations as above gives,
- dE - 2: 7?^ C In 7.64 x 10^
^^ ^ 5.64 X 10^^ Zj2
Thus the ratio of energy lost in film by gold-198
and phosphorus-32 beta particles is approximately
(-dE/dx)Au-198 = 1.31 ^/( 20.51 - In Zi2
(-dil/dxii^-i^S ^(22.14 - In lY
A search of the trade literature and local inquiries
revealed nothing of the composition of the film used.
The only available information that could be found
is that the Eastman Fodak Company lists for its











% Wt. AgBr In dry emulsion--81^
% Wt. gelatin, " " —17^
Density of emulsion --5.64 gn/cc
Cone, of AgBr in emulsion — 2.95 gm/cc
Emulsion Thiclmess — 2550 & 100
% Rel. Humidity at 70QF. Moisture= Wt. of Mois-





Lantern slide plates are much less sensitive than
nuclear track plates. Therefore they probably have
a larger weight percent of gelatin.
If one malres the very gross assumption that
dry lantern slide plates are composed as above,
except that the composition is 40^ gelatin and 60^
emulsion, and that the moisture content data holds,
then (corrected for humidity and for change in




Element Per Cent by WelpOit













Z^-2) (22.31 - In Zj2) ru^ Mol^Wt
14.63 '6.147 N
I 53 12. 53 14.39 .0443 N
Br 35 13,.35 15.21 .1055 N
C 6 16,.89 18.75 .086 N
H 1 20, 47 22.31 .028 N
N 7 16,.58 18.44 .0485 N
8 16. 31 18.17 .0480 N
where N ia Avagadro»3 niimber.
Multiplying 7U by (20,47 - In Zj2) and by (22.31 -
In Zj2), stumning the respective values for gold-198
and phosphorus-32, and substituting into the equation
for the ratio of energy lost in film,
(-dE/da)Au-198 - (6.95)(1.31) r 1.16
(-dE/dx)P-32 (7.72)
This means that, assuming that photographic
density varies linearly with number of ions formed in
the film, 1.16 phosphorus-32 beta particles produce
the same photographic effect as 1.00 gold-198
particles.
Prom densitometer readings, the maximum observed
value of logio(Io/l) ^^ "the area of beta leakage is
of the order of 0.04. From Figure 13 at this value
there are 2.97 x lo"^ Mev/cm^/sec. of P-32 incident.
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Therefore, there are (2.97 x 107)/l.i6 » 2.57 x 10 "^
Mev./cm^/second of golc-198 beta particles incident
in area of majcimum beta leakage.
Consider tissue absorption of the beta-leakage.
By Feather's Rule, the range in tissue is 0.08 cm.
for the average beta energy. To an approximation,
therefore, energy absorption in the beta-leakage
area due to beta particles is about (2.56 x 10^)/
(8.0 X 10-2) s 3 X 10^ Mev./cc/sec.
Consider the absorption of gold-198 gamma. By
Figure 15, explained elsewhere, the energy absorption
at 0.1 cm. from the center of a 0.5 cm. seed is
about 7000 r in a lifetime implant for an initial
activity of 1.0 mrhm/cm. The needle activity at the
time exposures of gold seeds were made was about
0.054 mc/cm. Therefore, the activity of the seed
in mhrm/cm was,
(0.054 mc/cm) (3.7x10*^ dis/mc/sec) ( .411 Mev/dis)
(0.029 T/lev.absorbed/pyn. air) (5600 sec/hr)
(4-rrlOO'^ cm''^}(Mev incident/cm^} (5.24 x 10'^ Mev/
gm. of air/r)(10-3 r/mr)
« 0.0108 mrhm/cm at time of exposures of
seeds.
Therefore, the gamma dosage at a point 0.1 cm. from
the center of the seed was about (7000) (0.0108) =
70 r for a lifetime Implant. Tliis corresponds to




(70 r)/{93.3 hr. mean life) (3600 sec/hr)
» 2,12 rar/sec.
One r corresponds to an air absorption of 5.24 x 10 "^
Mev./gm, Since the tissue mass absoD^ption coefficient
is about the same as that of air for 0.411 Mev. gaimua,
the tissue dose for gamma rays from the seed at the
point described above is,
(2.12 X 10-3 r/sec)(5.24 x 10 "^ Mev. /gm) ( 1*08 gm/cc)
» 1.2 X 10^ Mev/cc/sec.
Comparing the results of beta particle energy absorp-
tion and gamma ray energy absorption,
(3 X 108)/(1.2 X 10^) a 2500.
Thus, about 2500 times as much energy is absorbed
per unit volume of tissue in the volume of beta particle
leakage as at a point on the surface of the seed due




CALIBRATION OF CORRECTION FACTOR FOR CUTTING
I. Cuts of seeds were made from the first shipment
and the activities of the seeds were measured with
a G. M. Tube (Number not available) and Autoscaler
(O.S.U. No. 183479). The sample end the tube were
mounted on a rlngstand about 35 cm, from the desk
top with the sample 2.0 cm. from the end of the
tube. The sample was shielded with €.168 cm. of
aluminum foil.




Bkg. 4096 8513 sec . 2.08 -. --
f 3(1024) 143.7 7.14 5.06 7.50 mi
g It 147.3 6.95 4.87 7.50
h II 137.7 7.44 5.36 7.50
a n 135.8 7.37 5.29 7.50
b ti 141.1 7.25 5.17 7,50
c II 162.9 6.28 4.20 6.50
1-1 It 232.9 4.39 2.31 4.00
1-2 n 237.6 4.32 2.24 4.00
m-1 It 258.6 3.96 1.88 5.00
m-2 u 219.7 4.66 2.58 5.00
n If 159.3 6.43 4.35 6.00
q-1 n 109.9 9.32 7.24 10.00
q-2 u 112.2 9.12 7.04 10.00
Sample Time Average Decay Coinc. Net count s/
Measured c/sec. Corr. Corr. second
fghab 1100 5.15 1.000 1.01 5,.20
c 1200 4.20 1.01 1.01 4.,29
m-1, -2 1300 2.58 1.02 1.00 2,,63
n 1500 4.35 1.05 1.01 4.,58
q-1, -2 1530 7.14 1.05 1.02 7.,63
1-1,-2 1600 2.27 1.07 1.00 2,,43
II. Similarly, seeds were cut from the fourth ship-
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ment and their activities measured with G, M. tube
and Auto scaler as above. The counter and source
were mounted on ring stand about 40 cm. apart with
the counter tube about 15 cm. from the table top.
The sources rested on aluminum foils of 409.5 mg/cm2
thickness.













Plots of the above sets of data are shown in
Figure 9. A qualitative discussion of the problem
is given on page 85.
Note that the plotted curves should be straight
lines and that their slopes vary with the activity
of the sample at the time readings were taken.
Setting Second
BVg. 2012 512 0.65
10.6 mm .2040 2048 8.84
8.6 2047 2048 6.78
5.6 2050 1024 4.24
10.6 2055 2048 9.05
7.6 2105 2048 6.55
7.6 2110 2048 6.28
8.6 2122 2048 7.04
6.6 2150 2048 4.12
5.6 2158 1024 5.28





I. Empty gold tubing was cut Into various lengths,
and weighed to 0.1 mg. In small sample statistics,
Hoel*^^ gives standard deviation, (T , as being,
0- s)^/(xi - x)^ , n = No. of measure-
tI n - 1 ments made.
Results are shown below:
Length of Wt. in Mean
Tube Cut mg. (x) Wt. (x) (x - x)'^ Standard
Deviation
3.9 mm. 40.0 36. 1 15.2 2.69 mgm.






0.2 1.39 m0ii.2.9 mm. 26.7













0.4 0.74 mgm.1.4 mm. 19."6






1.0 1.00 mgm.2.4 ram. 23.[8
















II. Samples were cut from radiation shipment No. 4,
and their activities measured. The readings used
are those listed in Part II of Appendix III. Since
the cuts had to be used for another purpose and
since the irradiated wire available was limited,
only two cuts were made in each case.
Length of Counts/ (x - 3^)^ Standard Probable


























It is seen that the standard deviation for each of
the above sets of cuts is within the standard devia-
tion of counting error, with one exception, since
standard deviation times 0.67 equals probable error.
Statistically this means that there is no error in
cutting, since the root-mean- square of standard
deviations of cutting and counting should equal the
standard deviation of the measured counts, paving
no error in cutting is highly improbable. The error
of cutting, therefore, will be taken as the probable







By small sample theory'^^, an unbiased estimate
of the net standard deviation predicted from the
measurements in I, and II. above is given by,
^ =
l ^l^l^ / ^^2^2^ • • • > where k is the total
V ni / ng ... - k ntmiber of sets of
measurements, and n
and s are the
respective number of measurements and standard devia-
tions in each set of measurements. Then,
1 « /5(.296)^ / 11(. 139)2 / 5(.074)2 / 3( ,084)^
/ 2(.14)2 / 3(0.10)2 / 2{.10)2 / 2(. 083)2
/ 2(.09)25/11/5/3/3/2/2/2/2-9
= 0.178 mm.
Comparisons of this value with st£indaj?d deviation




APPROXIMATION OF THE IMPORTANCE OP COMPTON
SCATTER IN THE RADIATION FIELDS OF VARIOUS
SOURCES USED IN CANCER THERAPY
!• Values of Gamma Energies of Radliim or Radon
Seeds: Using tabulated values of the energies and
relative amounts of the different gamma photons
involved in radium decay, and using the tabulated
mass absorption coefficients of platinum for these
energies'^, the following was obtained:











.012 .184 0.960 .358 0.0008 00.0
.115 .241 .530 .568 .0157 01.0
.258 .294 .350 .688 .0523 03.2
.450 .350 .245 .770 .122 07.4
.658 .607 .094 .905 .362 22.2
.065 .766 .069 .929 .0463 02.8
.067 .933 .054 .944 .0589 03.6
.206 1.120 .044 .954 .220 13.5
.063 1,238 .040 .958 .0747 04.6
.064 1.379 .036 .963 .0849 05.2
.258 1.761 .031 .968 .440 26.9
.074 2.198 .029 .970 .158 09.7
Column (F) gives the relative amounts of energy in
the gamma radiation from a radium (or radon) source in
equilibrium with its radioactive daughters, shielded
by 0.05 cm. of platinum. The above calculations
neglect Corapton scattering in the platinum shielding,
because no method to do so is available and because
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the amount of Compton scattered radiation Trom the
platinum is less than two percent of the radiant
energy.
On the basis of the above calculations, it was
decided to use those values for radium gamma radia-
tion filtered through 0,5 mm, of platinum listed
in Table VIII, page 43. The energies of cobalt-60
and gold-198 as shown in this table are also used
in subsequent computations.
II. Energy of Compton Scattered Photons: Heitler^^
gives the following equation for the energy of Con^)-
ton scattered photons at the angle of scatter, 9:
hi/© a hi;/[l / y(l - cos 0)]3
where, hi/e energy of scattered photon,
hv = energy of incident photons.
y a ratio of energy of incident photon to
the rest mass of an electron.
Q 55 angle of scatter.
Tables on the .following pages show the results
of the computations. Column (2) of such tables gives
the photon energies at angles of scatter in increments
of 10^ for each of the gamma energies being computed,
III. Energy of Compton Scattered Photons Absorbed in
a Two Centimeter Sphere of Tissue around the Scattering
Point: Heitler gives the following equation for the
intensity of radiation scattered per unit solid angle




R2ldii= rpglod/cos^Q ) fl / 2(1 . cosQ)^ "1 dSl
SlVr(l-cos ^)]^l (Vcos''=!d)il / (1-cos^J/J
where,
R = distance from scattering point to point where
Intensity is measured,
I = intensity scattered at angle © In Mev/cm^/sec.
Io» incident intensity in Mev/cm^/sec.
dfi unit solid angle (= sin^d^d©)
^ = Vo/0.510 Mev.
Vq" energy of incident photons.
© angle of scatter.
^ angle in coordinate system (R,©,^)
ro= classical electron radius » 2.80 x 10~^2 cm.
let F{©) be such that the above equation becomes,
IR2d^ = ro2loP(©)di^ .
Then,
IR^dp = ro2loP(©)(sin©d|^d©)
Consider a sphere of tissue of radius 2.0 cm.
siorrounding a scattering electron. Since one is deal-
ing with a sphere symmetrical about the direction of
-irr
incident photons, J djz^ s 2JT, therefore, the above
equation becomes,
KR^dP) s 2nTo2loF(©) sln©d©, where © varies from toTT.
Looking to the left side of the equation, let dP be a
unit solid angle at the angle of scatter, ©. Then,
the equation becomes,
I9 B 27rro^IoF(®)8ln©d©
where I9 Is the energy in Mev. scattered per second
per unit solid angle at the angle of scatter, ©.
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Correcting the equation so that d is expressed in




Consider now energy absorption: If I© is the energy
given out at a given solid angle per unit of time,
the energy absorbed in that solid angle will be,
l9(e-(/^^)H)]
R : r| , where Ri and Rg
here are respectively 2.80 x IQ-^^ cm. and 2.0 cm.
Neglecting the effect of R^^ on the results, the
energy absorbed in the energy absorbed in the unit
solid angle will become,
Iq(1 - e-(/^-<^ )2.0)
Oc-^)2,o\
= jr?ro2loP( ©) sin©d© (/ -^
Taking Iq as 1 Mev./cm^/sec. , this equation has been
evaluated at increments of 10*^ for each of the
assumed gamma photon energies of gold-198, cobalt-60,
and radium. The results of such integration are shown
in Column (5) of the following tables. Column (3)
represents mass absorption coefficient values taken
from Oak Ridge curves^. Column (4) represents the
value obtained by slide rule for the exponential
factor in the equation. All computations were done
with a 10-inch slide rule.
The results of the solution of the above equation.









0^^ 0.411 0.0320 .9380
10 .406 .0319 .9382
20 .393 .0318 .9384
30 .371 .0317 .9386
40 .346 .0314 .9392
50 .320 .0310 .9400
60 .293 .0309 .9401
70 .269 .0307 .9403
80 .247 .0300 .9418
90 .227 .0298 .9422
100 .211 .0291 .9433
110 .197 .0290 .9437
120 .186 .0285 .9446
130 .177 .02ro .9454
140 .169 .0279 .9458
150 .164 .0277 .9460
160 .160 .0275 .9466
170 .15& .0275 .9466
180 .157 .0275 .9466
Energy absorbed per 1,0
Llev. incident Intensity























.340 .0313 .9394 0.00
10 .336 .0312 .9396 .88
20 .327 .0311 .9397 1.49
30 .312 .0310 .9399 1.75
40 .293 .0310 .9399 1.71
50 .275 .0308 .9402 1.52
60 .255 .0303 .9412 1.23
70 .236 .0299 .a420 .98
80 .219 .0297 .9422 .83
90 .202 .0290 .9437 .64
100 .191 .0285 .9446 .57
1|0 .179 .0282 .9451 .49
120 .170 .0279 .9458 .44
130 .162 .0276 .9462 .38
140 .155 .0272 .9470 .32
150 .152 .0270 .9474 .26
160 .148 .0268 .9478 .17
170 .146 .0268 .9478 .08
180 .145 .0268 .9478 .00
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COMPUTATIONS— 1.20 MEV. GAMMA
@
(2)
(/^^)/p ei^*«5)2.<' Energy absorbed per 1.0
(1) (3| (4) Mev, Incident intensity
per ° of 9 in 2 cm sphere
31.200 . 02P9 .9440
(s)
0° 0.00 X 10'^^ Mev.
10 1.160 .0291 .9434 .75
2n 1.052 .0296 .9424 1.08
30 .914 .0305 .9409 1.03
40 .774 .0314 .9393 .80
50 .653 .0319 .93f3 .58
60 .553 . 0320 . 93G0 .42
70 .471 .0320 .9380 .31
80 .408 .0320 .9380 .24
90 .359 .0316 .93^7 .19
100 .319 .0312 .9394 .15
110 .289 .0309 .9402 .12
120 .265 .0305 .9409 .10
130 .247 .0301 .9414 .08
140 .233 .0299 .9421 .06
150 .223 .0297 .9423 .04
160 .216 .0293 .9430 .03
170 .212 .0292 .9432 .01
180 .210 .0292 .9432 .00
COMJ:'UTATi::NS— 1.800 MEV. GAK'MA
1.80 0.0260 .9494 0.00
10 1.71 .0263 .9488 .63
20 1.49 .0272 .9480 .83
30 1.22 .0287 .9461 .69
40 .908 .0300 .9418 .52
50 .798 . 0312 .9396 .37
60 .652 .0320 .9380 .26
70 ,542 .0320 .9380 .19
80 .461 .0320 .9380 .14
90 .397 .0318 .9382 .11
100 ,349 .0314 .9392 .08
110 .313 .0312 .9396 .07
120 .286 •0308 .9402 .05
130 .265 .0305 .9409 .04
140 .249 .0303 .9412 .03
150 .237 .0300 .9418 . . 02
150 .229 .0298 .9419 .01
170 .225 .0297 .9422 .01




A niimerical Integration was performed with the
values plotted in Figure 5, Ten-degree segments of
the curves were assvuned to be straight lines, and the
amounts of energy absorbed per ten degrees of scatter
angle were found. It should be noted that, as explain-
ed elsewhere, scatter angles of less than about 40*^
are not significant in the conclusions, and beyond
40° the above straight-line approximation appears
valid. Results are.
Scatter Energy Absorbed (Mev. x 10"^^)
Angle 0.411 o.;i40 0.607 0.850 1.200 1.800
© -10 4.4 4.4 4.3 4.0 3.8 3.2
10 -20 11.8 11.8 11.4 10.4 9.1 7.3
20 -30 16.0 16.2 14.6 12.7 10.5 7.6
50 -40 16.6 17.3 14.4 11.8 9.2
' 5.8
40 -50 15.0 16.2 12.2 9.5 6.9 4.5
50 -60 12.4 13.2 9.6 7.1 5.0 3.1
60 -70 9.9 11.0 7.4 5.3 3.6 2.2
70 -80 7.8 8.9 5.7 4.0 2.8 1.7
80 -9© 6.2 7.4 4.5 3.1 2.2 1.3
90 -100 5.2 6.1 3.7 2.5 1.7 0.9
100-110 4.5 5.2 3.0 2.1 1.4 0.8
110-120 3.9 4.6 2.6 1.8 1.1 0.6
120-130 3.4 4.0 2.1 1.4 0.9 0.5
130-140 2.8 3.5 1.8 1.1 0.7 0.3
140-150 2.2 2.9 1.4 0.9 0.5 0.2
150-160 1.7 2.1 1.0 0.6 0.4 0.1
160-170 1.0 1.2 0.6 0.3 0.2 0.0
170-180 0.3 0.4 0.2 0.1 0.0 0.0





CALIBRATION OP UNIT ACTIVITY OP RADIATION SHIPMENTS
The first two shipments received were calibrated
in units of millicuries per centimeter of seed. A
shielded radium source was used as a standard and
the standard and sample were suspended one foot above
a laboratory table for the respective readings. The
(j. M. Tube used was at the same height over the table
one meter away. Activity in counts per second of the
sample and standard were corrected for background,
for shielding, for coincidence, and for counter
efficiency. Then, using Evans^"^ data on the number
of photons per disintegration of radi\im, a direct
ratio was used to find activity. The coincidence
correction and the shielding correction were taken
from curves the source of which is unknown.
Subsequent samples were calibrated in tei»ms of
mrhm. A 9.54 mg. radium needle shielded with 0,05
cm. of platinum was used to calibrate a quartz fiber
electroscope. The source was located on a ring stand
about 50 cm. above the electroscope chamber. The posi-
tion of the source and the electroscope were repro-
ducible with respect to each other and to the labora-
tory. The electroscope is an P. C. Henson Co., (^artz
Fiber Electroscope, Model 2, No. 124. For measuring
the gold seeds, 409.5 mg/cm^ of aluminum foil was
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placed in contact with the seeds between the seeds and
the counter in order to absorb possible beta leakage.
Correction for such shielding was made using ( )•
A sample calculation is given below;
Source
For a 0.54 cm. Au-198
seed prepared from the
third shipment. Read-
ings at 1200, 2/27
For 9.54 mg. radium
in 0.05 cm. platinum
Time, 2.5 to 7.5 Divisions













Since 1 rag. of radium is equivalent to 0.84 mrhm,
the activity is,
(.84) (9. 54) = 8.0 mrhm.
Therefore, the activity of the gold seed is,
(8.0) 60.4 1 -2.6 mrhm/cm. when
344.3 .54 cm
shielded by 409.5 mg/cm2 of aluminum. Correction for
such shielding is given by.
(1 / e-(0.029)(409.5) ) 1.012
Therefore, the activity of the third shipment of gold
at 1200, on 2/27/51, was,
(2.6) (1.012) = 2.6 mrhm/cm. of wire.
A summary of ^«lues found for all shipments is given
below. The values given have been extrapolated to


















THE PREPARATION AND USE OP THE DOSAGE DIAGRAM
Consider a seed
as shown in Figure 14.
The radioactive inner
wire of 7 mils dia-
meter is surrounded








Cross-section of Gold- 198
Seed.
that activity in the wire is concentrated at the center
of the wire, the intensity at point Pis given by,
«0
-i^' s
where, K = r/hr at 1 cm. given by a point source of
Au-198 shielded by (w / t/2) cm. of
gold, source strength of 1.0 mrhm/cm.
/^ = activity of gold wire in mrhm/cm.
and r and ds are as defined by Figure 14. Note that
F represents the conditions of measurement in the
laboratory.
(2) Now, ds = h sec^/dj^ = r sec^d/, r s h sec^.
Therefore,
r*' cA
Ip = ^^ I h sec^^ d^ « Y
p
\ d^.
J h2sec2j2< ^57" J^
A
(3) Consider the correction necessary for absorp-
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tion of gamma rays in gold. The path length in gold
from a point in the wire to point F is
(t/2)secjz^ / {w)secj^.
However, in choosing K, allowance was made for the
absorption occurring in (w / t/2) cm. of gold. There-
fore, the net correction to apply is for a path length
of,
(w / t/2)(secjz( - 1).
Therefore, the correction to be applied for gold
absorption is,
e-(/^-^)gold(w /t/2)(sec;z( - 1)
(4) Consider the correction necessary due to
absorption in tissue between the source and point P,
Path length « (h - d)sec^.
and the correction for tissue absorption is,
e-(^-<»5)tissue(h - d)secj^
(5) Therefore, applying the correction factors
from (3) and (4) to the equation given in (2), the
radiation intensity in r/hour at point P is given
^'
Ip " E£. yCe' ^^-'^holdiyf / t/2)(sec)2( - 1))
h 1 (e-(/^*<^ ) tissue (h - d)secjz^)) ^^
There is no known method of solving directly such
an integral. An alternative method of solution is
a graphical solution. Such a solution has been made.
(6) However, it is impracticable to make a
graphical solution for each desired point for each
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point for each seed. It is desirable to construct
a calculator which will permit the solution for any
point P with respect to a seed of any length. Such
a calculator diagram may be constructed as follows.
For brevity rewrite the equation of section (5) as,
Ip = P(h)i ^-G(h,j2<) ^^^
^/
where P(h) end G(h,j^) respectively vary with h, and
with h and ji(. Since this equation may be seen in
section (5) to be a function having real and con-
tinuous values (h / 0, which condition does not
apply), the above equation may be rewritten,
Ip = PCh)] VG{h,jz^)d^ . F(h)r e-G(h.?^)d)z(.
O Jq
For a given value of h, the equation becomes,
Ip = FfVG(j!<)dj2f - pf'^e-CK)2<)d^,
o o
where F is a constant and G(^) varies with ^. Thus,
for a given value of h, the intensity at point P
may be found by subtracting the solution of the
equation in (5) for /j. from the solution at angle ^g.
Therefore, a two-dimension diagram showing
dosage with respect to jz( and h will enable a
general solution of the equation in (5)« This
equation must be solved for various values of h
and ^ and Isodose lines plotted from the solutions,
(7) Solutions of the equation in (5) were made
for values of h of 1/8 cm, 1/4 cm, 1/2 cm, 3/4 cm,
1.0 cm, 1.5 cm, 2 cm, and 5 cm. For each value of
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h, solutions were obtained In 2,5 degree increments
from 0<^ to 85*^. The solutions are for various values
of ^ substituted into the integrand of (5). Lescrlp-
tion of numerical integrations performed to construct
the dosage diagram and the method of using the diagram
will be described later.
Solutions were made using a Marchand computer,
except that appropriate values of e*^ were taken from
W. P. A. Tables'^'''. The solutions have been made with
d^ in angles of 5*^, and by multiplying K by the mean
life of gold-198, 93.3 hours, Ip is stated in terms
of the dosage in the life-time implant of a seed.
Constants used in the solution are as follows:
F(h) = (10 r/hr at 1 cm/rarhm) (7r/36 ) (93.3) (/'/h)
.
a 81.6 (/h).
w * 0.0216 cm.
t = 0.0178 cm.
d = 0.0407 cm.
For tissue,
{fJi-<;)/f> a 0.0320 cm2/^»
density - 1.08 gm/cc.
For gold,
{/UL-<ri)/p « 0.178 cm2/sni
density « 19.3 gm/cc.




DOSE IN r PEP. FIVE DEGREES FOR A SEED
HAVING AN ACTIVITY OF 1.00 MRIBl/CM
IN SITU for LIFE.


















2^- 651 324 160 106 78.9 51.7 38.1 24.5
5 651 323 160 106 78.9 51.7 38.1 24.5
7-1 651 323 160 106 78.8 51.7 38.1 24.5
10 650 323 160 106 78.8 51.6 38.0 24.5
12^ 649 323 160 106 78.7 51.5 5 •:.0 24.4
15 649 322 160 106 78.5 51.4 57.9 24.4
17i 648 322 159 106 78.4 51.3 57.8 24.3
20 647 321 159 105 70.2 51.2 57.7 24.2
22^- 645 321 159 105 78.0 51.1 37.6 24.1
25 644 320 158 105 77.8 50.9 57.5 24.0
27i 642 319 158 105 77.6 50.7 57.3 23.9
30 640 318 157 104 77.3 50.5 57.1 25.8
32| 638 317 157 104 76.9 50.3 56.9 25.6
35 636 316 156 103 76.6 50.0 56.7 23.5
37i 653 314 155 103 76.2 49.7 36.4 23.3
40 630 313 155 102 75.7 49.4 36.2 25.0
42^ 527 311 154 102 75.2 4b. 9 CO . y 22.8
45 623 309 153 101 74.6 48.5 35.5 22.5
47i 618 307 151 100.0 73.9 48.0 35.1 22.2
50 613 304 150 99.0 73.1 47.4 34.6 21.9
52-^- 608 301 148 97,8 72.2 46.8 34.1 21.5
55 598 296 146 96.1 70.9 54.8 35.5 20.9
57i 593 294 145 95.1 70.1 45.2 52.9 20.5
60 585 289 142 93.5 68.8 44.3 52.1 20.0
62^ 575 284 159 91.5 67.2 43.2 31.2 19.3
65 562 278 136 89.1 65.4 41.8 50.1 18,5
67i 543 270 132 86.3 65.2 4C.3 28.9 17.6
70 629 261 127 82.9 60.5 38.4 27.4 16.5
72t 507 249 121 78.8 57.5 36.1 25.5 15.2
75 478 235 113 73.5 55.2 33.2 23.5 13.6
77^ 441 216 104 66.6 47.9 29.5 20.4 11.6
80 390 190 90.4 57.5 41.0 24.7 15.8 9.17
82i 318 154 71.9 45.0 30.9 18.7 12.1 6.16
85 211 100 45.4 27.5 18.6 9.8b 6.26 2.81
90 000 000 00.0 00.0 00.0 0.00 0.00 0.00
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The above data were plotted to a scale of 1" = lOr,
and 1" = 10°. Numerical integration v/as performed on
this set of curves. For different values of h, by the
method of physically counting the 0.1 x 0.1 inch
squares under the curve, the angle of ^ necessary to
give various values of dosage in r v/as found. This
corresponds to finding the value of ^ which in the
equation in section (5) above will give a desired
dosage when integration is performed from 0*-* to ^,
Results of the numerical integration are given below.
h = 1/8 cm,
r X 10-2 5 10 15 20 25 30 55
^ (degrees) 5.84 7.68 11.55 15.38 19.24 25.11 26.99
r X 10'^ 40 45 50 55 60
^ (degrees) 30.09 54.81 58.75 42.75 46.74
h = 1/4 cm.
r X 10~2 2 5 8 10 12 14 16
^ (degrees) 5.09 7.73 12.56 15.46 18.57 21.68 24.80
r X 10"^ 18 20 22 24 26 28
^ (degrees) 27.95 51.07 54.22 37.59 40.58 45.79
r X 10-2 30 52 54 56 58 40
^ (degrees) 47.05 50.51 55.62 56.99 60.42 63.93
r X 10~2 42 44 46
^ (degrees) 67.56 71.37 75.49
h = 1/2 cm.
r X 10*"^ 12 3 4 5 6 7
^ (degrees) 3.12 6.18 9.38 12.50 15.63 68.76 21.90
r X 10-2 8 9 10 11 12 13





























continued from preceding page)
14 15 16 17 18 19 20
44.24 47.52 50.83 54.19 57.63 61.14 64.75
21 22
68.50 72.48
h s 3/4 cm.
0.5 1 1.5 2 2.5 3 3.5
2.35 4.71 7.06 9.42 11.78 14.14 16.50
4 4.5 5 5.5 6 6.5 7
18.86 21.23 23.60 25.97 28.35 30.74 33.14
7.5 8 8.5 9 9.5 10
35.55 37.97 40.40 42.84 45.30 47.79
10.5 11 11.5 12 12.5 13 14
50.30 52.84 55.41 58.03 60.69 63.41 69.12
h = 1.0 cm.
0.5 1 1.5 2 2.5 3 4
3.17 6.34 9.51 12.69 15.87 19.06 25.47
4.5 5 5.5 6 6.5 7
28.69 31.98 35.21 38.49 41.79 45.12
7.5 46. 8 8.5 9
48.49 51.91 55.39 58.93
h = 1.5 cm.
0.5 1 1.5 2 2.5 3 3.5
4.85 9.71 14.56 19.41 24.30 29.22 34.19
4 4.5 5
39.21 44.30 49.51
h = 2 cm.
.25 .5 .75 1.0 1.25 1.5
3.27 6.54 9.82 13.09 16.38 19.68
1.75 2.0 2.25 2.5 2.75 3.0 3.25
23.00 26.33 29.68 33.05 36.45 39.89 43.36
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(Continued from preceding page)
r X 10-2 3^50 3,75 5,00 4.25 4.50
^ (degrees) 46. 8r, 50.45 54.11 57.89 61.79
h = 3 cm.
r X lO-S .25 .50 .75 1.00 1.25 1.5
^ (degrees) 5.07 10.15 15.22 20.38 25.57 30.80
r X 10-2 2.75 2.0
^ (degrees^ 36.13 41.54
To mfiVe up a dosage computer diagram, the
above values were plotted to give the dosage at
specific points. Isodose lines were then faired
in on the diagrpm. The dosage diagram prepared
is shovvTi in Figuro 15. The linear scale has been
magnified four times. To be complete the ciagram
should have a "mirror image" to the right of the
j/ line, but such addition is not necessary for
use of the diagram.
As an example of the use of the diagram, con-
sider h needle of activity 3.0 rnrhm/cm. and 0.8
cm. long. Consider a point 0.8 cm. perpendicular
to the needle and 0.2 cm. to the right end of the
needle. To obtein dosage, place a needle of these
dimensjons (times foTor since the scale is expanded)
on the diagram with respect to point F for the
distances given above. Then reading from the dia-
gram, the dosage for unit activity is (10.1 - 3.0 =)
7100 r. Therefore, for a life-time implant, the
- 161 -

needle would give a dosage at point F of (3.0 x
710C =) about J51,000 r.
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FIGUKE 15--Losage Calculator Llagrain for Gold-198
Seeds. /ccurnulated dose In r x 10-2 for seeds of
activity 1.0 mrhm/cra In situ for life. Diagram





Mouse Straip, Recei- Inocu- Seeded Au-198 Area
>io. Sex ved lated Ship-
ment
Treated
( cm . )
7 .3 P".V F 10/26 2/7 3/3,1530 5 2.0) X 1.8
9 CFVV,\ F 10/26 2/7 3/4,1915 5 1.6 X 1.3
10 CF<Vj^ F 10/26 2/7 3/4,2040 3 1.2 X 0o9
11 CPVV^
,
F 10/26 2/22 3/13,1005 5 1.0 X 0.9
12 CP/^j
.
F 10/26 2/22 3/13,0945 4 1,4 X 1.2
13 CF/;,» F 10/26 2/^2 3/13,1845 4 2.0 X 1.9
14 CT^,
•
F 10/26 2/22 3/15,0935 5 1.9 X 1.4
15 CI^V,
»





2/22 3/12,2030 4 1.0 X 0.7
18 G3H,
r
F 2/22 3/13,1915 5 2.2 X 1.6
19 C3H
.
F 1/9 2/22 3/13,1945 5 2. ,^ X 1.7
22 C3H,, ?' 1/9 2/22 3/12,2345 5 2.2 X 1.4
23 aFvv , F 10/26 3/14 3/21,2400 4 1.4 X 1.2
24 CP\V,» F 10/25 3/14 3/20,2000 5 0.8 X 0.9
26 C3Hj
r
F 1/9 3/17 3/27,1055 7 1.0 X 0.9
27 C3H,1 F 1/9 3/17 3/28,0030 6 1.0 X 0.9
28 C3Hj
,
F 1/9 3/17 3/27,1525 6 1.4 X 0.8
29 G5Hj M 1/9 3/17 3/28,0010 7 1.4 -x 0.9
30 G3H, p 1/9 3/17 3/29,2110 6 2.0 X 1.3
51 G3H,» F 1/9 3/17 3/30,1650 6 2.1 X 1.2
32 G3Hj
.
F 1/9 3/17 3/29,0130
3/10 3/27,1115
7 l.G X 1.0
33 ABC.
r
M 1/9 7 1.2 X 1.1
34 ABC,
,
M 1/9 3/10 3/27,1555 7 1.8 X 1.4
36 ABC, M 1/9 3/23 4/4,0115 8 1.6 X 1.5
37 ABC,
r
M 1/9 3/23 4/4,0205 8 1.0 X 1.2
38 ABC, v. 1/9 5/23 4/4,0140 8 1.0 X 1.9
39 ABC,
,
M 1/9 5/23 4/4,10 50 8 1.4 X 1.2
43 A, M 11/13 5/17 4/4,1115 9 1.8 X 1.5
44 A, M 11/13 5/17 4/5,0150 6 1.7 X 1.2
45 A, K ll/l5 5/17 4/5,1550 9 1.6 x; 2.0
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